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ABSTRACT 
Exper iments  wi th  mul t ip le -poin t  tac t i le  and  v isua l  s t i m u l u s  f i e l d s  
a r e  d e s c r i b e d .  A number of   the  experiments   involved a b r i e f   p r e s e n t a t i o n  
of between 2- and 12-point s t i m u l i  randomly d i s t r i b u t e d  i n  a 3 by 8 
ma t r ix ,  The s u b j e c t ' s  t a s k  was t o   s p e c i f y   t h e   l o c a t i o n   o f   e a c h   p o i n t  
s t imu la t ed  i n  t h e  e n t i r e  m a t r i x  ( w h o l e  r e p o r t )  or i n  t h e  s u b s e t  o f  t h e  
m a t r i x   i n d i c a t e d  by  a marker ( p a r t i a l  r e p o r t ) .  I n  some o f  t h e s e  l a t t e r  
e x p e r i m e n t s  a l l  s t i m u l a t o r s  were a c t i v a t e d  a f t e r  t h e  p o i n t  s t i m u l i ,  
f o rming  an  "e ra su re"  f i e ld  wh ich  in t e r f e red  wi th  t h e  percept ion  of  the  
s t i m u l i .  Analogous   v i sua l   and   tac t i le   xper iments  were performed,  These 
expe r imen t s  i nd ica t ed  the  ex i s t ence  o f  a t a c t i l e  s e n s o r y  r e g i s t e r  ( i . e .  , 
a v e r y  s h o r t  term memory of  re la t ive ly  unprocessed  informat ion)  wi th  
grea te r   capac i ty   than   the   span   of   immedia te  memory.  The number of 
t a c t i l e  p o i n t s  p e r c e i v e d  i n c r e a s e d  w i t h  the  logar i thm of  s t i m u l u s  dura- 
t i o n   o v e r   t h e   r a n g e  l t o  500 ms. The frequency  of  modulation  of t h e  
t a c t i l e  s t i m u l a t o r s  had no s i g n i f i c a n t  e f f e c t .  N o  ev idence   fo r  a v i s u a l  
s e n s o r y  r e g i s t e r  was found,  and  severa l  explana t ions  for t h i s  a r e  d i s -  
cussed .  The expe r imen t s   w i th   t he   e r a su re   pos t - f i e ld   i nd ica t ed   t ha t   i n -  
formation is t r a n s f e r r e d   i n   p a r a l l e l ,   r a t h e r   t h a n   s e q u e n t i a l l y ,   t o  
h i g h e r  c e n t e r s .  A model f o r  b o t h  v i s u a l  a n d  t a c t i l e  i n f o r m a t i o n  p r o -  
c e s s i n g  i s  proposed. 
In  ano the r  series of  exper iments  the  poin t  s t i m u l i  were presented  
s e q u e n t i a l l y   r a t h e r   t h a n   s i m u l t a n e o u s l y .  The  r e s u l t s  ind ica t ed  a s t r o n g  
dependence of the  number o f  p o s i t i o n s  p e r c e i v e d  i n  t h e  c o r r e c t  s p a t i a l  
l oca t ion  ( independen t  of tempora l  order )  on the  S t imulus  Onse t  In te rva l  
(SOI), with  a minimumoccurring with SO1 va lues  in  the  r ange  o f  50 t o  
iii 
100 ms. Backward  masking is examined as a  possible  explanation f o r  this 
effect  and  ruled  out.  These  results  also  rule out a push-down-store 
model,  but  not  a  first-in-first-out  model. 
In  another  line of experimentation, the compensatory  tracking 
paradigm is applied to  a  psychophysical  study  of  two  neurologically 
distinguishable  tactile  systems.  In  this  study  two-point  tactile  dis- 
crimination  is  tested  as  a  function  of  vibration  frequency of the stim- 
ulators by requiring the subject to continuously  balance the  intensity 
of two  vibrators. In  a  preliminary  test  slightly  better  performance 
was  obtained at 300 Hz than at 10 Hz. 
In  addition,  advances  in  on-line  computer  control of experiments 
are  described.  Included  is  a  description  of a computer  program  for 
compensatory  tracking  and  a  program f o r  time-sharing on a  LINC-8  computer. 
i v  
CONTENTS 
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  iii 
LIST O F  ILLUSTRATIONS . . . . . . . . . . . . . . . . . . . . . .  i x  
LIST O F  TABUS . . . . . . . . . . . . . . . . . . . . . . . . . .  x i i i  
ACKNOWLEDGMENT . . . . . . . . . . . . . . . . . . . . . . . . . . .  xv 
I INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .  1 
I1 MEASUREMENT O F  TACTILE EVOKED POTENTIALS . . . . . . . . . .  5 
I11 PERCEPTION OF VERY BRIEF  MULTIPLE-POINT  S IMULI . . . . . .  7 
A . In t roduc t ion  . . . . . . . . . . . . . . . . . . . . . .  7 
B . Method . . . . . . . . . . . . . . . . . . . . . . . . .  8 
1 . Apparatus . . . . . . . . . . . . . . . . . . . . .  8 
2 . Subjec ts  . . . . . . . . . . . . . . . . . . . . . .  11 
3 . Procedure . . . . . . . . . . . . . . . . . . . . .  11 
C . Whole Report Results . . . . . . . . . . . . . . . . . .  15 
D . Par t i a l   Repor t   Resu l t s  . . . . . . . . . . . . . . . . .  21 
E . Resul ts  of Preliminary  Stimulus  Duration  Experiment . . 30 
F . Discussion . . . . . . . . . . . . . . . . . . . . . . .  31 
I V  THE INFLUENCE OF STIMULUS DURATION ON TACTIU PATTERN 
PERCEPTION . . . . . . . . . . . . . . . . . . . . . . . . .  35 
A . In t roduc t ion  . . . . . . . . . . . . . . . . . . . . . .  35 
B . Method . . . . . . . . . . . . . . . . . . . . . . . . .  36 
1 . Apparatus . . . . . . . . . . . . . . . . . . . . .  36 
2 . Subjec ts  . . . . . . . . . . . . . . . . . . . . . . .  36 
3 . Procedure . . . . . . . . . . . . . . . . . . . . .  36 
V 
".~_I . . . .  " ... . _c_- ... " .. - "_ .... 
, . 
........................... 
C . Whole Report   Resul ts  . . . . . . . . . . . . . . . . . .  39 
D . Par t i a l   Repor t   Resu l t s  . . . . . . . . . . . . . . . . .  46 
E . Discuss ion  . . . . . . . . . . . . . . . . . . . . . . .  51 
V EFFECT  OF AIRJET FREQUENCY ON TACTILE  PATTERN  PERCEPTION . . 53 
A . I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . .  53 
B . Method . . . . . . . . . . . . . . . . . . . . . . . . .  53 
1 . Apparatus . . . . . . . . . . . . . . . . . . . . .  53 
2 . Sub jec t s  . . . . . . . . . . . . . . . . . . . . . .  54 
3 . Procedure . . . . . . . . . . . . . . . . . . . . .  54 
C . R e s u l t s  . . . . . . . . . . . . . . . . . . . . . . . .  55 
V I  PRELIMINARY  EXPERIMENT  FOR COMPARING VISUAL AND TACTILE 
PATTERN  PERCEPTION . . . . . . . . . . . . . . . . . . . . .  59 
A . I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . .  59 
B . hlethod . . . . . . . . . . . . . . . . . . . . . . . . .  59 
1 . Apparatus . . . . . . . . . . . . . . . . . . . . .  59 
2 . S u b j e c t s  . . . . . . . . . . . . . . . . . . . . . .  6 1  
3 . Procedure . . . . . . . . . . . . . . . . . . . . .  61 
C . Whole Report   Resul ts  . . . . . . . . . . . . . . . . . .  65 
D . P a r t i a l   R e p o r t   R e s u l t s  . . . . . . . . . . . . . . . . .  69 
E . Discuss ion  . . . . . . . . . . . . . . . . . . . . . . .  77 
V I 1  A CONPARISON OF VISUAL AND TACTILE MEMORY MODEL 
PARAMETERS . . . . . . . . . . . . . . . . . . . . . . . . .  87 
A . I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . .  87 
B . Method . . . . . . . . . . . . . . . . . . . . . . . . .  88 
1 . Apparatus . . . . . . . . . . . . . . . . . . . . .  88 
2 . S u b j e c t s  . . . . . . . . . . . . . . . . . . . . . .  90 
3 . Procedure . . . . . . . . . . . . . . . . . . . . .  90 
C . R e s u l t s  . . . . . . . . . . . . . . . . . . . . . . . .  91 
D . Discuss ion  . . . . . . . . . . . . . . . . . . . . . . .  100 
E . A Proposed Visual-Tact i le  Information Processing 
Model . . . . . . . . . . . . . . . . . . . . . . . . .  103 
v i  
V I 1 1  FURTHER  ANALYSIS OF SEQUENTIALLY  PRESENTED  POINT 
STIRWLATION DATA . . . . . . . . . . . . . . . . . . . . . .  107 
A . Introduction . . . . . . . . . . . . . . . . . . . . . .  107 
B . A n a l y s i s  . . . . . . . . . . . . . . . . . . . . . . . .  108 
I X  THE PERCEPTION  OF  SEQUENTIALLY  PRESENTED  VISUAL AND T A C T I L E  
PATTERNS  WITH FOUR AND S I X  STIMULI . . . . . . . . . . . . .  113 
A . In t roduct ion  . . . . . . . . . . . . . . . . . . . . .  ' 113 
B . Method . . . . . . . . . . . . . . . . . . . . . . . . .  114 
% 
. . 
1 . A p p a r a t u s  . . . . . . . . . . . . . . . . . . . . . .  114 
2 . Subjects  . . . . . . . . . . . . . . . . . . . . . .  114 
3 . Procedure . . . . . . . . . . . . . . . . . . . . . .  114 
C . R e s u l t s  . . . . . . . . . . . . . . . . . . . . . . . . .  117 
D . Tests of Masking . . . . . . . . . . . . . . . . . . . .  1z7 
E . D i s c u s s i o n  . . . . . . . . . . . . . . . . . . . . . . .  130 
X A  COMPUTER  PROGRAM  FOR ON-LINE COMPENSATORY TRACKING . . . .  135 
X I   D E S I G N   O F  A TACTILE  TRACKING  TASK  TO MEASURE  SPAII'IAL 
RESOLUTION . . . . . . . . . . . . . . . . . . . . . . . . .  137 
A . Introduction . . . . . . . . . . . . . . . . . . . . . .  137 
B . A Tac t i le  Tracking E x p e r i m e n t  . . . . . . . . . . . . . . .  141 
C . O t h e r  Possible E x p e r i m e n t s  . . . . . . . . . . . . . . .  146 
D . A P r e l i m i n a r y   E x p e r i m e n t  . . . . . . . . . . . . . . . . .  146 
X I 1  PROTOCROCK:  A STEP TOWARD TIME-SHARING  ON  THE  LINC-8 . . . .  153 
A . Scheduling of A c t i v i t i e s  . . . . . . . . . . . . . . . . .  155 
B . D e b u g g i n g   A i d s  . . . . . . . . . . . . . . . . . . . . .  157 
C . O p e r a t i o n s   P e r f o r m e d  by PROTOCROCK . . . . . . . . . . .  159 
X I 1 1  CONCLUSIONS . .  . .  . .  . .  161 
XIV  B BLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . .  165 
DD Form 1473 
v i i  
. " ...... ...... "" L"". 
-_LI "- . 

ILLUSTRATIONS 
Fig .  1 Apara tus   for   Hold ing  Airjet  Nozzles Below t h e  
24 In t e r jo in t   Reg ions   o f   t he   F inge r s  . . . . . . . . . . 9 
Fig .  2 Five  Superimposed A i r  P re s su re  Waveforms. The 
time s c a l e  is 0.5 m s  pe r  d i v i s i o n  . , . . . . . . . . . 10 
Fig.  3 F i n g e r   L a b e l i n g   f o r  Two Hands . . . . . . . . . . . . . 13 
Fig .  4 Whole Report  Performance  Curves . . . . . . . . . . . . 16 
Fig .  5 Comparison of Whole Report   Performance  of  Similarly 
Tra ined  Subjec ts  i n  Two Experiments, Using t h e  Same 
Guessing  Correct ion . . . . . . . . . . . . . . . . . . 17 
Fig .  6 S p e c i a l   C o r r e l a t i o n   C o e f f i c i e n t  Computed  from t h e  
F i r s t  Whole Repor t   Se r i e s  . . . . . . . . . . . . . . . 18 
Fig .  7 Average  Finger  and  Phalanx  Accuracy  of Subject EM . . . 20 
F ig .  8 Average  Finger  and  Phalanx  Accuracy  of Subject RR . . . 21 
Fig.  9 Par t i a l   Repor t   Pe r fo rmance   a s  a Funct ion of 
M a r k e r D e l a y .  . . . . . . . . . . . . . . . . . . . . . 22 
F ig .  10  Pa r t i a l  Repor t  Pe r fo rmance  a s  a Funct ion of 
Marker  Delay . . . . . . . . . . . . . . . . . . . . . . 23 
Fig .  11 Par t i a l   Repor t   o f   Sub jec t  EM by Rows . . . . . . . . . . 26 
Fig.   12  Average  Par t ia l   Report   Performance  on  the  Three 
Phalanx Rows . . . . . . . . . . . . . . . . . . . . . . 27 
Fig.  13 Par t ia l  Repor t  Spread  Corre la t ion  of  Subjec t  EM 
Compared with Those  of t h e  Previous  Experiment . . . . . 30 
Fig.  14  Subject   Performance  wi- th   the Number of 1 - m s  Pu l ses  
i n   T a c t i l e   P r e s e n t a t i o n  of Whole Repor t   Pa t t e rns  . . . . 32 
Fig .  15 Whole Report  Performance for Three Subjec ts   vs .  n . . . 41 
Fig .  16  Whole Report  Performance  vs.  Stimulus  Duration . . . . . 42 
Fig .  17 Whole Report   Performance  during  Six  Balanced 
Sessions  of the  Experiment . . . . . . . . . . . . . . . 43 
i x  
ILLUSTRATIONS (Continued) 
F ig .  18 Family  of  Curves  Showing  Relation of Whole Report 
Performance  to   St imulus  Durat ion.  The numbers  on 
t h e  c u r v e s  a r e  t h e  number  of p u l s e s  i n  t h e  s t i m u l u s  
p a t t e r n s  . . . . . . . . . . . . . . . . . . . . . . . .  45 
Fig .  19 Part ia l   Report   Performance  vs .   St imulus  Durat ion 
w i t h  n = 12 . . . . . . . . . . . . . . . . . . . . . .  48 
F ig .  20 The Response  Accuracy  on  Each  Phalanx Row Averaged 
over   St imulus  Durat ion  and  Repet i t ions . . . . . . . . .  49 
F ig .  21 The Average  Partial   Report   Performance  of  Three 
Subjects  on  Each  Phalanx Row . . . . . . . . . . . . . .  50 
F ig .  22 Comparison of Whole and  Par t ia l  Repor ts  wi th  n = 1 2  
f o r  t h e  Three  Subjects   in   the  Experiment .  t-tests 
for  compar ing  whole  and  par t ia l  repor t  da ta  poin ts  
a r e   g iven  . . . . . . . . . . . . . . . . . . . . . . .  52 
F ig .  23 Whole Report  Performance  as a Funct ion  of   St imulus 
Frequency . . . . . . . . . . . . . . . . . . . . . . .  56 
F ig .  24 Front  V i e w  of L igh t  Box Used i n  t h e  Experiment. The 
middle  column  contains  the  marker  lamps . . . . . . . .  60 
F ig .  25 Visua l  Whole Report  Performance a s  a Funct ion  
o f n . .  . . . . . . . . . . . . . . . . . . . . . . . .  67 
F ig .  26 Visual Whole Report  Performance  as a Function  of 
St imulus  Durat ion . . . . . . . . . . . . . . . . . . .  68 
Fig .  27 Visual Whole Report  Performance a s  a Function  of 
Display  Angle . . . . . . . . . . . . . . . . . . . . .  70 
Fig .  28 Visual Whole Report  Performance  as a Funct ion  of  
Lamp and  Background  Brightness . . . . . . . . . . . . .  7 1  
Fig .  29 Visua l   Par t ia l   Repor t   Per formance   as  a Funct ion  
of  Display  Duration . . . . . . . . . . . . . . . . . .  74 
Fig .  30 Part ia l   Report   Performance as  a Funct ion  of 
Display  Angles . . . . . . . . . . . . . . . . . . . . .  7 5  
Fig .  31 Par t ia l   Repor t   Per formance   as  a Funct ion  of  
Time in   the   Exper iment  . . . . . . . . . . . . . . . . .  76 
Fig .  32 Par t ia l   Repor t   Per formance   as  a Funct ion  of  
Lamp and  Background  Brightness . . . . . . . . . . . . .  78 
X 
ILLUSTRATIONS (Continued) 
F ig .  33 
Fig .  34 
Fig .  35 
Fig .  36 
Fig.   37 
F ig .  38 
Fig .  39 
F ig .  40 
F ig .  41 
Fig .  42  
F ig .   43  
Fig.  44 
F ig .   45  
F ig .   46  
Fig.   47 
Fig.  48 
Average Response Accuracy on Each of the Three 
Lamp R o w s  i n   t h e   P a r t i a l   R e p o r t  . . . . . . . . . . . .  79 
Comparison of the V i s u a l  Whole and  Pa r t i a l  Repor t  
Performance a s  a Funct ion  of Display Angle for  
the  Three  Subjects  Averaged  Scores.  The t-tests 
a r e  shown fo r  compar ing  who le  wi th  pa r t i a l  r epor t  
scores . . . . . . . . . . . . . . . . . . . . . . . . .  80 
Comparison of the Whole and Pa r t i a l  Repor t  Da ta  
a s  a Funct ion of  St imulus Durat ion from the Three 
Subjects   Averaged  Scores .  The t-tests a r e  shown 
f o r  comparing  whole  and p a r t i a l   r e p o r t   s c o r e s  . . . . .  82 
Comparison of the Visual Whole and  Pa r t i a l  Repor t  
Experiments . . . . . . . . . . . . . . . . . . . . . .  83 
R e s u l t s  o f  the  Two Subjec ts  on  the  Two P a r t s  o f  t h e  
Par t ia l   Repor t   Exper iment  . . . . . . . . . . . . . . .  95 
Average P a r t i a l  R e p o r t  R e s u l t s  of Two Sub jec t s  w i th  
Both  Modal i t ies   and  Erasure  Condi t ions . . . . . . . . .  95 
Accuracy of Each Se r i a l  Response  a s  a Function of 
Marker  Delay for Two Sub jec t s  . . . . . . . . . . . . .  99 
Model fo r   V i sua l -Tac t i l e   Pa t t e rn   P rocesso r  . . . . . . .  103 
Hypothe t ica l  R e s u l t s  of a Short-Term-Memory 
E x p e r i m e n t .  . . . . . . . . . . . . . . . . . . . . . .  106 
Comparison of Sequential Error when S t imul i  
Appear  on  the Same or o n  D i f f e r e n t  Hands . . . . . . . .  110 
Comparison of Sequent ia l  Er ror  on  One Hand wi th  
D i f f e r e n t  St imulus  Spacings . . . . . . . . . . . . . .  112 
Five  Superimposed A i r  P re s su re   Pu l ses  . . . . . . . . .  115 
Three  Superimposed  Skin  Deflection Waveforms . . . . . .  115 
The  Number of Content and Content-and-Sequence 
P o s i t i o n s   P e r c e i v e d  by  Each  Subject . . . . . . . . . .  120 
Averaged Sequential Data from Two Sub jec t s  w i th  
n = 6  . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 1  
Averaged Sequential  Data for Two Sub jec t s  w i th  
n = 4  . . . . . . . . . . . . . . . . . . . . . . . . .  122 
x i  
ILLUSTRATIONS  (Concluded) 
Fig. 49 
Fig. 50 
Fig. 51 
Fig. 52 
Fig. 53 
Fig. 54 
Fig.  55 
Fig. 56 
Fig. 57 
Fig.  58 
Fig. 59 
Fig. 60 
Fig. 61 
Fig. 62 
Fig. 63 
Fig, 64 
Combined  Tactile  Results of Present  Experiment  and 
Those of Hill  and  Bliss  (1968b) . . . . . . . . . . . . 123 
Sequence  Accuracy for Both  Modalities . . . . . . . . . 125 
Sequence  Accuracy  Obtained from Hill  and  Bliss  (1968b) 
f o r  n = 2 and  n = 3 . . . . . . . . . . . . . . . . . . 126 
(a)  Stimulus  Reporting  Accuracy vs. Stimulus  Interval 
f o r  Visual  Stimuli  in  Neighboring  Columns . . . . . 128 
(b)  Stimulus  Reporting  Accuracy v s .  Stimulus  Interval 
fo r  Tactile  Stimuli on Neighboring  Fingers . . . . 128 
Stimulus  Reporting  Accuracy as a  Function of Stimulus 
Separation from SO1 = 0 and 50 ms Data  with  n = 6 . . . 130 
Fraction of Stimuli  Perceived  vs.  Sequence  Position 
Averaged  Over  Both  Subjects . . . . . . . . . . , . . . 132 
Block  Diagram of the  General  Purpose  Tracking 
Program . . . . . . . . . . . . . . . . . . . . . . . . 136 
Comparison  Between  Neurophysiological  and 
Psychophysical  Threshold  Data . . . . . . . . . . . . . 13 9 
Design of the  Tactile  Stimulators f o r  
Tracking  Experiment . . . . . . . . . . . . . . . . . . 14 2 
Tracking  Experiment to Test  Tactile  Spatial 
Resolution...... . . . . . . . . . . . . . . . . .  14 3 
Hypothetical  Results from Spatial  Resolution 
Results . . . . . . . . . . . . . . . . . . . . . . . . 144 
Percent of Population of Nerve  Fibers  Responding  as  a 
Function of Stimulation  Frequency . . . . . . . . . . . 148 
Mean  Squared  Error as a  Function of Stimulator 
Frequency . . . . . . . . . . . . . . . . . . . . . . . 14 9 
Command  Signal-Vehicle  Output  Correlation as a  Function 
of Stimulator Spacing . . . . . . . . . . . . . . . . . 151 
Open  Loop  Combined  Gain of Subject  and K /s Dynamics 
as a Function of Frequency . . . . . . . , . , . . . . . 152 I 
Framework f o r  the  Memory-System  Model . . . . . . . . . 161 
x i i  
TABLES 
Table I Training  and  Testing  Schedule . . . . . . . . . . . .  12 
Table  I1 Duration Series . . . . . . . . . . . . . . . . . . .  15 
Table  I11 Analysis of Variance of the  Number of Positions 
Perceived  in  the  Partial  Report by Subject  EM . . . .  2 4  
Table IV Analysis of Variance of the  Number of Positions 
Perceived  in  the  Partial  Report  with  Erasure 
by Subject EM . . . . . . . . . . . . . . . . . . . .  24 
Table V Analysis of Variance of Number of Positions 
Perceived  in  the  Whole  Report . . . . . . . . . . . .  28 
Table VI t-Tests f o r  the Masking Hypothesis . . . . . . . . .  29 
Table VI1 Whole Report Testing Schedule . . . . . . . . . . . .  3 7  
Table VI11 Partial Report Testing Schedule . . . . . . . . . . .  38 
Table IX Summary of Analysis of Variance of the 
Number of Positions  Perceived  in  the 
Whole Report . . . . . . . . . . . . .  . .  40 
Table X Summary of Analysis of Variance of the 
Response  Accuracy  in  the  Partial  Report . . . . . . .  47 
Table XI Variable Frequency Testing Schedule . . . . . . . . .  55 
Table XI1 Design of Whole Report Preliminary Experiment . . . .  62 
Table  XI11  Design of the  Partial  Report  Preliminary 
Experiment . . . . . . . . . . . . . . . . . . . . .  63 
Table  XIV  Summary of Analysis of Variance of the  Number 
of Positions  Perceived  in  the  Visual  Whole 
Report . . . . . . . . . . . . . . . . . . . . . . .  66 
Table XV Summary of Analysis of Variance of the  Number 
of Positions  Available in the  Partial  Report . . . .  7 2  
xiii 
. 
TABLES (Concluded) 
Tab le  X V I  Pa r t i a l   Repor t   Des ign  . . . . . . . . . . . . . . . .  91 
Table  X V I I  Summary of Analys is  of Var iance  of t h e  
Reporting Accuracy i n  t h e  T a c t i l e  P a r t i a l  
Report  . . . . . . . . . . . . . . . . . . . . .  . .  93 
Table X V I I I  Summary of Analys is  of Var iance  of the   Repor t ing  
Accuracy i n   t h e  V i s u a l  P a r t i a l   R e p o r t  . . . . . . . .  94 
Table  X I X  Analys is  of Variance of Sequence  Error 
F r a c t i o n  f o r  5 Sub jec t s   w i th  n = 2 . . . . . . . . .  109 
Table  XX Analys is  of Variance of Sequen t i a l   E r ro r  
F r a c t i o n  f o r  5 Sub jec t s  w i th  Two S t i m u l i  
on   t he  Same  Hand . . . . . . . . . . . . . . . . . .  111 
Table  X X I  Tes t ing   Schedules  f o r  Both   Tac t i le   and  Visua l  
Sequent ia l   Experiments  . . . . . . . . . . . . . . .  116 
Table  X X I I  Summary of Analys is  of Variance of the   Content  
p o s i t i o n s   p e r c e i v e d  . . . . . . . . . . . . . . . . .  119 
Table  X X I I I  Analys is  of Variance of the  Content  and  Sequence 
P o s i t i o n s   P e r c e i v e d  . . . . . . . . . . . . . . . . .  119 
x i v  
i 
ACKNOWLEDGMENT 
The a u t h o r s  were g r e a t l y  assisted i n  t h i s  r e s e a r c h  by 
Miss Carolyn Weihl, who served  a s  exper imenter  i n  many of 
t h e  tes t  s e s s i o n s  and t o o k  c a r e  of many a d m i n i s t r a t i v e  
matters, and Mr. Tony F e r r e r a ,  who b u i l t  and  maintained 
t h e  t e s t  e q u i p m e n t .  
xv 
I INTRODUCTION 
For t he  pas t  hundred  yea r s  t ac t i l e  d i sp l ays  have  been  sugges t ed  fo r  
many purposes ,  including sensory feedback for  remote manipulat ion and 
p ros the t i c  l imbs ,  s enso ry  a ids  fo r  t he  dea f  and t h e  b l i n d ,  c o n t r o l  and 
n a v i g a t i o n a l   d i s p l a y s   f o r   a s t r o n a u t s   a n d   a v i a t o r s ,  and f e e l i e s . "  
However, very  few of  these suggest ions have been developed to  the point  
of common usage. 
I I  
Many d i f f i c u l t i e s  c o n f r o n t  t h e  d e s i g n e r  o f  t a c t i l e  d i s p l a y s .  T h e r e  
a r e  f e w  c o m m e r c i a l l y  a v a i l a b l e  t a c t i l e  s t i m u l a t o r s ,  and s p e c i a l  d e s i g n s  
a r e  n o t  a l w a y s  s t r a i g h t f o r w a r d .  L i t t l e  h a s  b e e n  known about  optimum 
s t i m u l u s  parameters  and about  t he  c h a r a c t e r i s t i c s  and c a p a b i l i t i e s  o f  
t h e  t a c t i l e  c h a n n e l .  Thus t he  e n g i n e e r i n g  o f  t a c t i l e  d i s p l a y s  h a s  b e e n  
r e l a t ive ly  undeve loped ,  and t h e  p s y c h o l o g y  o f  t h e  t a c t i l e  s e n s e  h a s  
been l i t t l e  understood.  
For t h e  p a s t  few yea r s  the  Bioinformation Systems Group a t  t he  Stan- 
f o r d  R e s e a r c h  I n s t i t u t e  h a s  b e e n  t r y i n g  t o  c o n t r i b u t e  t o  t h e  improvement  of 
t h i s  s i t u a t i o n .  I f  o n e  c o n s i d e r s  t h e  enormous  number of d i f f e r e n t  com- 
b ina t ions  o f  s t i m u l u s  c o n d i t i o n s  t h a t  c o u l d  p o s s i b l y  b e  u s e d  i n  a t a c t i l e  
d i sp l ay ,  t hen  the  empirical  approach of comparing performance with every 
possible   combinat ion  seems  hopeless .   Therefore ,  we have  taken the 
approach  o f  t ry ing  to  deve lop  mode l s  t o  desc r ibe  t ac t i l e  i n fo rma t ion  
p r o c e s s i n g  c h a r a c t e r i s t i c s  i n  a gene ra l  way. We expect  these models t o  
s e r v e  a s  a g u i d e  t o  p r e d i c t i n g  c o n d i t i o n s  f o r  optimum in fo rma t ion  t r ans -  
f e r  and t o  r e v e a l  t h e  c a u s e s  o f  c e r t a i n  l i m i t a t i o n s .  We f e e l  t h a t  t h i s  
a p p r o a c h  h a s  b e e n  v e r y  f r u i t f u l  i n  terms of  increas ing  our  bas ic  under -  
s t a n d i n g  o f  t h e  t a c t i l e  c h a n n e l  and in  t e rms  o f  p rov id ing  a foundat ion 
f o r  t h e  d e s i g n  o f  u s e f u l  t a c t i l e  d i s p l a y s .  
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This repor t ,  cove r ing  one  yea r  of research ,  main ly  ex tends  our  
p rev ious   r e sea rch .   In   p rev ious   yea r s  w e  d e v e l o p e d   t a c t i l e   s t i m u l a t o r s  
s u i t a b l e  f o r  u s e  i n  c l o s e l y  packed arrays,  developed on-l ine computer  
con t ro l  o f  expe r imen t s  w i th  these  s t imu la to r  a r r ays ,  and  s tud ied  human 
i n f o r m a t i o n  a c q u i s i t i o n  c a p a b i l i t i e s  f r o m  t a c t i l e  a n d  v i s u a l  d i s p l a y s .  
Dur ing  the  per iod  covered  by  th i s  repor t ,  two p a t e n t  d i s c l o s u r e s  
were made on new types  o f  va lves  for a i r j e t  s t i m u l a t o r s , *  t h r e e  t e c h -  
n i c a l  p a p e r s  were submitted for p u b l i c a t i o n  i n  s c i e n t i f i c  j o u r n a l s  
( H i l l  and B l i s s ,  1968a and 1968b;  Wilber ,  1967) ,  and addi t ional  resul ts  
a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  
The beginning  of  a t a c t i l e  i n f o r m a t i o n  p r o c e s s i n g  model was pro- 
posed ir. B l i s s  e t  a l .  ( 1 9 6 6 ) ;  I n  t h i s  m o d e l ,  t a c t i l e  memory is d iv ided  
in to   t h ree   componen t s :  a s e n s o r y  r e g i s t e r ,  a s h o r t - t e r m   s t o r e ,  and a 
long  term s t o r e .  
The r e s u l t s  d e s c r i b e d  i n  t h i s  r e p o r t  a n d  i n  o u r  r e c e n t  p a p e r s  
suppor t   and   fu r the r   ex t end   t h i s   mode l .  The s p a t i a l  and  temporal  char- 
a c t e r i s t i c s  o f  t h e  t a c t i l e  s e n s o r y  r e g i s t e r  a r e  d e s c r i b e d  i n  H i l l  and 
B l i s s  (1968a) .  An i n v e s t i g a t i o n  of t he   t empora l   r e so lu t ion   o f   t he  
t a c t i l e  c h a n n e l  is d e s c r i b e d  i n  H i l l  and B l i s s  ( 1 9 6 8 b ) .   I n   a d d i t i o n ,  
t h e  e f f e c t s  o f  s t i m u l u s  d u r a t i o n  are  desc r ibed  in  Sec .  IV of t h i s  
r e p o r t ,  and t h e  e f f e c t s  o f  s t i m u l u s  f r e q u e n c y  a r e  d e s c r i b e d  i n  
Secs.  V and X I .  By compar ing  per formances  of  d i rec t ly  ana logous  v isua l  
and t a c t i l e  p e r c e p t i o n  t a s k s ,  a new model fo r  bo th  channe l s  is  i n t r o -  
duced in  Sec .  V.  These r e su l t s  a l s o  i n d i c a t e  t h e  n a t u r e  o f  t h e  s c a n n i n g  
p rocess  be tween  the  senso ry  r eg i s t e r s  and t h e  common s h o r t - t e r m  s t o r e .  
S e q u e n t i a l l y  p r e s e n t e d  s t i m u l i  are f u r t h e r  i n v e s t i g a t e d  i n  S e c s .  VI11 
* P a t e n t  d i s c l o s u r e  Diaphram  Operated A i r  Je t"  by  John W. H i l l ,  J u l y  29, 
1968 .  Pa ten t  d i sc losu re  "Biomorph  Operated A i r  Je t"  by  John W. H i l l ,  
July  29,   1968.  
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and I X ,  and r e l a t i o n s  b e t v e e n  these r e s u l t s  and r e a c t i o n  time r e s u l t s  
a r e  p o i n t e d  o u t .  The techniques  descr ibed  in  Secs .  X and XI sugges t  
a convenient  and e f f e c t i v e  tact i le  d i s p l a y  f o r  t r a c k i n g  t a s k s .  
Throughout t h i s  r e p o r t  it should  be  ev ident  tha t  exper iments  of  
t h i s  complexity,  with t h i s  p r e c i s i o n  of c o n t r o l  and accuracy of  data  
c o l l e c t i o n ,  and the  ex tens iveness  o f  the d a t a  a n a l y s i s ,  would not have 
b e e n  p o s s i b l e ,  e s p e c i a l l y  i n  t h e  s p a n  of one  year ,  wi thout  the  use  of  
on-l ine  computer   control .  We have  maintained a cont inuing  research  
e f f o r t  i n  t h e  f i e l d  of on- l ine  exper iment  cont ro l  in  order  to  ex tend  
these  t echn iques  bo th  in  ou r  l abora to ry  and i n  general .   Wilber  (1967) 
descr ibed  a first s t e p  i n  t h e  development of sof tware  for t h i s  p u r p o s e .  
Fur ther  deve lopments  lead ing  to  a demonst rab le  t ime-shar ing  sys tem for  
expe r imen t  con t ro l  a r e  desc r ibed  in  Sec .  X I I .  
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I1 MEASUREMENT O F  TACTILE EVOKED POTENTIALS 
One o f  o u r  g o a l s  f o r  t h i s  p r o j e c t  was to  dec ide  on  the appropr i a t e -  
ness  of  evoked-potent ia l  exper iments  for  fur ther  deve lopment  of  tac t i le  
pe rcep t ion  mode l s .  Re la t ed  to  th i s ,  Mr. Arthur F. Lange  began  an 
E l e c t r i c a l  E n g i n e e r ' s  thesis on t a c t i l e  evoked p o t e n t i a l s  a t  Stanford 
Un ive r s i ty  last  spr ing  under  t h e  d i r e c t i o n  o f  Dr. James B l i s s .  This 
t h e s i s  was completed during the report  per iod,  and a p o r t i o n  of t h e  
a b s t r a c t  o f  t h e  t h e s i s  is quoted below: 
"Experiments were performed i n  which ave rage  evoked  co r t i ca l  
p o t e n t i a l s  r e s u l t i n g  from v i b r a t o r y  s t i m u l i  o n  t h e  f i n g e r  
mere recorded from an array of  ten electrodes.  Only l a te  
components were d e t e c t a b l e  and  no l o c a l i z a t i o n  was found 
over  t h e  senso ry  p ro jec t ion  a rea .  A c o r r e l a t i o n  t e c h n i q u e  
fo r  measu r ing  r ecove ry  func t ions  wi th  pa i r ed  s t i m u l i  i s  
developed and experimental  resul ts  a r e  g i v e n .  
Per iphera l  nerve  record ings  f rom the u l n a r  n e r v e  with 
e l e c t r i c a l  and v i b r a t o r y  s t i m u l i  o n  the  f inge r  were  a t -  
tempted wi th  i d e n t i f i a b l e  r e s p o n s e s  o n l y  b e i n g  o b t a i n e d  
w i t h  t h e  e l e c t r i c a l  s t i m u l i .  A d i spe r s ion   exp lana t ion  
is g i v e n  f o r  f a i l i n g  t o  detect r e s p o n s e s  t o  v i b r a t o r y  
s t i m u l i .  11 
In  t h e  p e r i p h e r a l  n e r v e  r e c o r d i n g s  a v a l i a n t  e f f o r t  was made t o  
o b t a i n  s i g n a l s  with v i b r a t o r y  ( a i r j e t )  s t i m u l i .  Simultaneous milli- 
second a i r j e t  p u l s e s  from s i x  o f  o u r  s t i m u l a t o r s  were directed a t   t h e  
f inger  pad .  Two hundred  recordings  from the  nerve  were  averaged  to- 
ge the r  with no observable response,  even though recordings taken from 
t h e  same s u b j e c t  a t  t h e  same t ime with e l e c t r i c a l  s t i m u l i  gave  c l ea r  
r e s p o n s e s .  T h i s  r e s u l t  d i s c o u r a g e s  a n  a t t e m p t  t o  r e l a t e  p e r i p h e r a l  
nerve recordings with mechanical  s t i m u l i .  
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The o t h e r  r e s u l t ,  t h a t  o f  d e t e c t i n g  o n l y  l a t e  components  from 
c o r t i c a l  e l e c t r o d e s  wi th  v i b r a t o r y  s t i m u l i ,  is  a l so  d iscouraging  f rom 
the  v iewpoin t  of  re la t ing  mechanica l  s t i m u l u s  pa rame te r s  t o  neu ra l  
even t s .  Up u n t i l  a t  l e a s t  a few years  ago ,  it was genera l ly  thought  
t h a t  the l a t e  components r e f l e c t e d  g e n e r a l  c o r t i c a l  r e s p o n s e s ,  s u c h  a s  
from t h e  r e t i cu la r  fo rma t ion , and  were n o t  d i r e c t l y  related t o  s t i m u l u s  
parameters.  
However,  two rays of hope appear on t h e  h o r i z o n  t h a t  may change 
t h e  p i c t u r e  wi th  r e spec t  t o  na r rowing  the gap between the psychophysics 
and  neurophysiology  of   this   system  by  evoked-potent ia l  s t u d i e s .  The 
f i r s t  is tha t  we have found a way to  p roduce  100-ps a i r j e t  p u l s e s , *  
which  should  a l lev ia te  t h e  d ispers ion  problem wi th  t h e  mi l l i s econd  
pu l ses .  The second is  t h a t  s e v e r a l  w o r k e r s  i n  t h e  f i e l d  are  cha l l eng ing  
t h e  n o t i o n  t h a t  t h e  l a t e  components of t h e  c o r t i c a l  p o t e n t i a l  a r e  o n l y  
i n d i r e c t l y  r e l a t e d  t o  s t imu lus  pa rame te r s  ( e .g . ,  Fhur s to fe r ,  1966 ;  
A l l i son ,   1968) .  
Therefore ,  based on these c o n s i d e r a t i o n s ,  it was decided by SRI 
and NASA p e r s o n n e l  n o t  t o  p u r s u e  e v o k e d - p o t e n t i a l  s t u d i e s  f u r t h e r  for 
t h e  time being. Our  i n t e r e s t  i n  t h i s  area may be  renewed l a t e r ,  when 
the meaning  of t h e  e a r l y  and l a t e  components  becomes c l e a r e r .  
* P a t e n t  d i s c l o s u r e ,  "Diaphram  Operated Air J e t , "  by  John W. H i l l ,  
July  29,   1968.  
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111 PERCEPTION O F  VERY BRIEF 
A .  In t roduc t ion  
P r e v i o u s  t a c t i l e  p e r c e p t i o n  e x p e r i  
MULTIPLE-POINT  STIMULI 
ments,  described by B l i s s  e t  a l .  
(1966) ,  were c a r r i e d  o u t  t o  compare t a c t i l e  p e r c e p t i o n  with v i s u a l  p e r -  
cept ion.   These  experiments   suggested the exis tence   o f  a t a c t i l e  s e n s o r y  
r e g i s t e r  t h a t  (1) i s  c a p a b l e  o f  s t o r i n g  i n f o r m a t i o n  f o r  a  few seconds,  
( 2 )  v a r i e s  c o n s i d e r a b l y  i n  s i z e  f o r  d i f f e r e n t  s u b j e c t s ,  and ( 3 )  has a 
capac i ty   l imi ted   by   spa t ia l   confus ions .   Fol lowing  a thorough  ana lys i s  
of t he  p rev ious  data by H i l l  (1967), combined with s u b j e c t s '  comments 
and an experiment with a l o n g e r  i n t e r t r i a l  d u r a t i o n  ( 4  seconds) ,  an 
improved  vers ion  of  the  tac t i le  percept ion  exper iment  was run.   This  
new experiment  included the fol lowing modif icat ions : 
(1) The s t i m u l u s  p r e s e n t a t i o n  time was  reduced  from 100 m s  
t o  1 m s .  (Th i s  means t h e r e  was on ly  a s ing le  pu l se  f rom 
t h e  airjets,  which norma l ly  pu l sa t e  at 200 Hz.) 
( 2 )  The f i n g e r  p o s i t i o n s  were r e l a b e l e d  so tha t  each   of   the  
t h r e e  rows  used the l e t t e r s  A t o  H. E a r l i e r  r e s u l t s  
i n d i c a t e  t h a t  s u b j e c t s  show more a c c u r a c y  i n  p e r c e i v i n g  
p o i n t s  s t i m u l a t e d  i n  the t o p  row (A-H) than i n  t h e  
bottom row (Q-X) . In o r d e r  t o  a t t r i b u t e  t h i s  r e s u l t  
t o  i n c r e a s e d  s e n s i t i v i t y  i n  the f i n g e r t i p s  and  not  to  
i n c r e a s e d  s e n s i t i v i t y  i n  r e p o r t i n g  p o s i t i o n s  i n  t h e  
bottom row ( b e c a u s e  o f  t h e i r  l e s s  f a m i l i a r  le t ter  
l a b e l s ) ,  a l l  t h r e e  rows were i d e n t i c a l l y  l a b e l e d .  
( 3 )  Reinforcement   (which  consis ted  of   present ing the 
o r i g i n a l  s t i m u l u s  b o t h  v i s u a l l y  and t a c t u a l l y  a f t e r  
t h e  s u b j e c t  had responded)  during tes t ing was e l imina ted .  
P rev ious  sub jec t s  gene ra l ly  ag reed  tha t  r e in fo rcemen t  
was  most h e l p f u l  d u r i n g  t r a i n i n g ;  a l s o ,  t h e r e  was some 
e v i d e n c e  t h a t  the  f i n g e r s  had n o t  f u l l y  r e c o v e r e d  f r o m  
the  long  re inforcement  (1-1/3 t o  3 seconds) by the t ime 
t h e  n e x t  s t i m u l u s  was p resen ted .  
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The i n t e r t r i a l  d u r a t i o n  was increased from 2 t o  4 
seconds.   Al l ison  (1962)  has shown t h a t  4 seconds 
is a d e q u a t e  f o r  f u l l  r e c o v e r y  o f  a l l  components of 
the evoked  response  occurr ing  wi th in  300 m s  of  nerve 
and f i n g e r  s t i m u l a t i o n .  
The exper imentwas  lengthened  (52  days  ins tead  of  22). 
H i l l  (1967) has suggested tha t  the wide range of sub- 
ject  performance can be explained-by a learn ing  hypoth-  
esis. Other  authors   have  noted t h e  presence  of  slow 
t a c t i l e  l e a r n i n g   ( e . g . ,  Krohn,  1893; Mukheriee, 1933; 
Diespecker,   1967;  Howell ,   1956; Viereck, 1967) ,   bu t  
have  no t  i so l a t ed  the var iable  on which it depends. 
T h i s  expe r imen t ,  con ta in ing  fou r  r ep l i ca t ions  o f  each  
experimental  condi t ion,  a l lowed several  measures  of 
l e a r n i n g  t o  be made i n  a d d i t i o n  t o  f u r n i s h i n g  more 
s t a b l e  data.  
B. hlethod 
1. Apparatus 
The experiment was carried o u t  u n d e r  c o n t r o l  of a LINC-8 computer 
system,  which was used  to  s to re  s t imu lus  pa t t e rns  and  the  sequence  in  
which the p a t t e r n s  were t o  be presented  ( B l i s s ,  1967, Appendices A ,  B , C )  . 
T h i s  system was designed for use  w i t h  up to  192  t a c t i l e  o r  v i s u a l  stim- 
u l a t o r s .  Only 24 t a c t i l e  s t i m u l a t o r s  were used  in  t h i s  experiment,  one 
for  each  of  the 24 i n t e r j o i n t  r e g i o n s  o f  t he  f ingers  ( thumbs  exc luded) .  
The  palmar sides of  t h e  f i n g e r s  were suspended about 1/8 inch above the 
a i r j e t  s t i m u l a t o r s  shown i n  F i g .  1. The s u b j e c t s '  arms were supported 
from wrist t o  e lbow, permit t ing t h e  hands to  be suspended in  t h i s  manner 
over   ex tended   per iods   wi thout   fa t igue .  Each s u b j e c t  has h i s  own set of 
a i r j e t  s t imula tors ,  which  was i n i t i a l l y  a d j u s t e d  t o  h i s  hands and never 
reset u n l e s s  he r eques t ed  t h a t  a p a r t i c u l a r  j e t  be r e a d j u s t e d .  
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FIG. 1 APPARATUS FOR HOLDING AIRJET NOZZLES BELOW THE 24 INTERJOINT 
REGIONS OF THE FINGERS 
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Each j e t  of a i r  was formed by a 0.031-inch out le t  nozzle  under  con-  
t r o l  of a h igh-speed   e lec t romagnet ic   va lve .  The a i r - p r e s s u r e  p u l s e s ,  
measured 118 i n c h  d i r e c t l y  a b o v e  t h e  a i r j e t  o u t l e t ,  h a v e  a peak pressure 
ampl i tude  of about 1 l b f / i n  . The time course  of  pressure  waveform i s  
shown i n  F ig .  2. I n  a l l  of   the   exper iments   (except   one   us ing   s t imulus  
2 
FIG. 2 F IVE SUPERIMPOSED AIR PRESSURE WAVEFORMS. 
The time scale is 0.5 ms per division. 
p a t t e r n s  o f  l o n g e r  d u r a t i o n )  t h e  a i r j e t s  p r o d u c e d  o n e  p r e s s u r e  p u l s e .  
Thus,  the selected s t i m u l a t o r s  were s imul t aneous ly  tu rned  on  once  to  
p r o d u c e   t h e   s t i m u l u s   p a t t e r n s .   I n   a n   a d d i t i o n a l   v a r i a b l e   d u r a t i o n   e x -  
pe r imen t ,  t he  s t imu l . a to r s  s e l ec t ed  fo r  a g i v e n  p a t t e r n  were s imul tane-  
ous ly   tu rned   on   and   of f  2 ,  5,  or 10 times a t  a 200 Hz r a t e .  The 
advantages of  a i r j e t  s t i m u l a t i o n  f o r  . t h i s  i n v e s t i g a t i o n  were t h a t  
r e l a t i v e l y  u n i f o r m  s t i m u l a t i o n  was produced over nonuniform cutaneous 
su r faces ,  and  tha t  s t imu la to r  spac ing  cou ld  be e a s i l y  a d j u s t e d .  
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2. S u b j e c t s  
Two c o l l e g e  s t u d e n t s  s e r v e d  as p a i d  s u b j e c t s .  S u b j e c t  RR was a 
male col lege  f reshman  and EM a f ema le  co l l ege  jun io r .  Ne i the r  of t h e  
s u b j e c t s  had e v e r  p a r t i c i p a t e d  i n  a n  e x p e r i m e n t  o f  t h i s  n a t u r e .  
3. Procedure  
Each s u b j e c t  w a s  t e s t e d  i n  two or t h r e e  15- t o  30-minute sessions 
per   day ,   wi th  a 5- t o  20-minute rest between  sessions.  The t r a i n i n g  and 
t e s t i n g  s c h e d u l e  is  shown i n  Table I .  The  number o f  t o t a l  p r e s e n t a t i o n s  
fo r  each  va lue  of n d u r i n g  t r a i n i n g  was chosen so t h a t  s u b j e c t s  s p e n t  
t h ree  se s s ions  on  each  va lue  o f  n .  For whole r e p o r t  t e s t i n g ,  t h e  number 
o f  t o t a l  p r e s e n t a t i o n s  f o r  e a c h  v a l u e  o f  n  was chosen  to  a l low the  va r i ance  
fo r  t h e  mean number c o r r e c t  p e r  n - v a l u e  t o  r e m a i n  c o n s t a n t  a c r o s s  a l l  
va lues  of n .   ( S p e c i f i c a l l y ,   t h e  number of t o t a l   p r e s e n t a t i o n s  was set  
so t h a t  t h e  p r o b a b i l i t y  t h a t  t h e  mean number c o r r e c t  p e r  v a l u e  o f  n 
would  exceed t h e  t r u e  mean by  more t h a n  0.4 s t i m u l u s  p o s i t i o n s  w a s  20.1.) 
For each value of n ,  t h e  number o f  p r e s e n t a t i o n s  a t  e a c h  i n t e r j o i n t  
p o s i t i o n  was e q u a l .  
I n  a l l  p o r t i o n s  of the experiment ,  each subject  has  before  him 
a t   a l l  times a r e p l i c a  ( F i g .  3) of  the  a lpha-numer ic  response  a lphabet .  
On a n y  o n e  t r i a l ,  n s t i m u l a t i o n  p o i n t s  were chosen (by t h e  computer)  out  
o f   t h e   p o s s i b l e  24 i n t e r j o i n t   l o c a t i o n s .   I n   a n y   o n e   s e s s i o n   t h e  number 
of p o s i t i o n s  s i m u l t a n e o u s l y  s t i m u l a t e d ,  n ,  was c o n s t a n t  and known by  t h e  
s u b j e c t .  The s u b j e c t s   o r a l l y   r e p o r t e d   t h e   l o c a t i o n s   p e r c e i v e d ,   u s i n g  
t h e  a l p h a b e t i c  l a b e l s  shown i n  F i g .  3 .  
The s u b j e c t s  were  asked t o  r e p o r t  t h e  s t i m u l a t e d  p o s i t i o n s  i n  
a l p h a b e t i c a l  o r d e r ,  g i v i n g  t h e  number o f  t h e  row ( i n  n u m e r i c a l  o r d e r  
1, 2 ,  or 3)  followed  by a s t r i n g  o f  le t ters  ( A  through H )  cor responding  
t o  t h e  s t i m u l a t e d  p o s i t i o n s  o f  t h e  row.  These  responses were typed 
11 
T a b l e  I 
TRAINING AND TESTING SCHEDULE 
T r a i n i n g  S e r i e s  
Day 10 9 8 7 6  5 4 3 2 1 
n 
47 47  47 50 50 50 90 90 90 88 88  8  96 96 96 1 4 4  1 4 4  1 4 4  72   72  No. T r i a l s  
1 2  1% 1% 10 10 10 8 8 6 8  6 6  4 4  2 4  L 2 1 1 
F i r s t  Whole R e D o r t  T e s t  S e r i e s  
F i r s t  P a r t i a l  R e p o r t  T e s t  S e r i e s  ( n r 1 2 )  
1 
Da Y 18 I 19 I 20 1 21 1 22 16*  1 17 
Marker  
Delay   none   no e  
66  66  66  66 66  66  66  66  66  66 66 66 
0 . 1  0.1 2 . 0   2 00.8  0.8 0.3   0 .3   0 .0  0 . 0  -.75 - . 75  
Second  Whole Report Test  S e r i e s  
S e c o n d  P a r t i a l  R e p o r t  T e s t  S e r i e s  (n=12) 
r Dav I 28 I 2 9  I 30 I 3 1  I 32 I 33 I 34-  ~~ ~~ 
Delay  
66  66 66 66 66  6   6  66 66 66   6  66 66 No. T r i a l s  
none  none 0.1 0.1  2 . 0   2 0  0.8  0 . 8  0.3  .3 0 . 0  0 . 0  - . 75  - . 7 5  
F i r s t  P a r t i a l s  w i t h  E r a s u r e  S e r i e s  ( n = 1 2 )  
Da v 35 I 36 37 I 38 I 39 I 40 I 
-I 
Marker  
Delay  
66  66  66  66 66  66  66  66 66 66 66  66 No. T r i a l s  
0 .1  0 .1  2 . 0   2 00.8   0 .8   0 .30 . 3  0.0  0 .0  - . 7 5  - . 7 5  
S e c o n d  P a r t i a l s  w i t h  E r a s u r e  S e r i e s  ( n = 1 2 )  
4 1  46 , 45 4 4  4 3  42 
Delay  0 . 1  0 . 1  2 . 0   2 00 . 8  0.8 0.3 0 . 3  0 .0  0 . 0  - . 7 5  - . 7 5  
66 66  66 66 66  66  66 66  66 66 66 
* 
Whole r e p o r t  from p a t t e r n s  u s e d  i n  t h e  p a r t i a l  r e p o r t  se r ies .  
n 
TA-4719-82R 
FIG. 3 FINGER  LABELING  FOR TWO HANDS 
i n to   t he   con t ro l   compute r  by the   exper imenter .   There  w a s  no f ixed  t ime 
within which a s u b j e c t  w a s  fo rced  to  r e spond .  
I n  t h e  t r a i n i n g  s e r i e s  t h e  s u b j e c t s  were r e q u i r e d  t o  r e p o r t  a l l  o f  
t h e  s t i m u l a t e d  l o c a t i o n s  row by row i n  a l p h a b e t i c a l  o r d e r .  A t y p i c a l  
response  w i t h  n = 10 would  be lACHBBCDH3ABC. I f  a s u b j e c t  r e p o r t e d  
fewer than n l o c a t i o n s ,  h e  was asked t o  c o n t i n u e  r e p o r t i n g  and to  guess  
when necessa ry .  I f  he  r epor t ed  more t h a n  n l o c a t i o n s ,  o n l y  t h e  f i r s t  
n were recorded .  
A s  soon as t h e  s x p e r i m e n t e r  f i n i s h e d  t y p i n g  t h e  l a s t  response ,  a 
re inforcement  w a s  a u t o m a t i c a l l y  i n i t i a t e d  by the  computer.   Reinforce- 
ment cons i s t ed  o f  a r e p e a t  o f  t h e  s t i m u l u s ,  p r e s e n t e d  b o t h  t a c t u a l l y  a n d  
on a visual   display  box.   Reinforcement   durat iou  ranged  f rom 1-1’6 
seconds  fo r  n = 1, t o  3 seconds  for  n = 1 2 ,  i n c r e a s i n g  l i n e a r l y  by  1’6 
second  whenever n w a s  i nc reased  by one. The re inforcement  was followed 
by a 4-second pause and then the next s t i m u l u s .  
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The whole report  procedure was t h e  same as t h e  t r a i n i n g  p r o c e d u r e ,  
e x c e p t  t h a t  t h e r e  was no re inforcement .  The expe r imen te r ’ s   t yp ing   o f  
t h e  las t  r e s p o n s e  i n i t i a t e d  a 4-second pause,  followed by the next 
s t i m u l u s .  
I n  t h e  p a r t i a l  r e p o r t  series, s u b j e c t s  were informed  by a marker 
as to  t h e  r o w  from  which t h e i r  r e s p o n s e  s h o u l d  come. The eight   topmost  
i n t e r j o i n t  p o s i t i o n s  ( 1 A - 1 H )  were cons ide red  the  top  row, p o s i t i o n s  
l a b e l e d  (2A-2H) were considered  the  middle  row,  and (3A-3H) were con- 
s ide red  the  bo t tom row. The marke r  onse t  occu r red  e i the r  0.75 seconds 
b e f o r e  o r  0 ,  0.1, 0.3 ,  0 . 8 ,  o r  2.0  seconds  fol lowing  s t imulus  termina-  
t i o n .  The marker was o n e   o f   t h r e e   l i g h t s   ( t o p ,   m i d d l e ,   o r   b o t t o m )   o n  
t h e  v i s u a l  d i s p l a y  b o x ,  l a s t i n g  250 ms. The s u b j e c t ’ s  r e s p o n s e  t o  a 
p a r t i a l  r e p o r t  t r i a l  was  a number (1, 2 ,  or 3 ) ,  corresponding   to   the  
marker,   followed by f o u r  l e t t e r s ,  co r re spond ing   t o   t he   s t imu la t ed  
p o s i t i o n s  of t he  row ( e . g . ,  3ACDF). Each  marker   posi t ion  occurred  an 
equal  number of times in   each   s e s s ion .   Marke r   pos i t i on   o rde r  was ran- 
dom and  var ied  from s e s s i o n  t o  s e s s i o n .  D u r i n g  a l l  p a r t i a l  r e p o r t  
s e s s i o n s ,  t h e  t o t a l  number of s t i m u l a t i o n  p o i n t s  was 12 ,  w i t h  4 p o i n t s  
i n  each row. 
I n  t h e  p a r t i a l  r e p o r t  e x p e r i m e n t  w i t h  e r a s u r e ,  t h e  e r a s u r e  c o n s i s t e d  
o f  s i m u l t a n e o u s  a c t i v a t i o n  o f  a l l  24 a i r j e t  s t i m u l a t o r s  f o r  a peri(1d of  
GO m s ,  beginning GOO m s  a f t e r  t h e  p r e s e n t a t i o n  o f  t h e  s t i m u l u s  p a t t e r n .  
The va r i ab le -du ra t ion  p rocedure  w a s  t h e  same a s  t h e  w h o l e  r e p o r t  
procedure.  The added  parameter i n  t h e  d u r a t i o n  series was t h e  number 
of   2 .5  m s  a i r j e t  p r e s s u r e  p u l s e s .  E i t h e r  2, 5,  o r  10 p u l s e s  were u s e d .  
The s c h e d u l e   f o r   t h e   d u r a t i o n  series is g iven   in   Table  11. S i n c e  t h i s  
experiment w a s  conce ived  a f t e r  t he  ma in  schedu le  (Tab le  I )  had been 
p lanned  and  begun,  var iab le  dura t ion  sess ions  were r u n  a s  t h e  t h i r d  
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session of t h e  d a y  a f te r  t h e  t w o  scheduled  sess ions  of Table  I had been 
r u n .  T h e s e  a d d i t i o n a l  s e s s i o n s  were run f rom  the  34th t o  the   39 th   day  
of t e s t i n g .  
Table  I1 
DURATION SERIES i n  T e s t  i l5 j 2 i 3 i 4 4  jj_ i ;: I 
No. A i r  P u l s e s  2 10 2 10 
N o .  T r i a l s  66  50  50 88 66  5  
4 10  
C .  Whole Repor t   Resul t s  
The d a t a  o f  t h e  t r a i n i n g  series and  both f i r s t  and  second  whole 
r e p o r t  series were c o r r e c t e d  f o r  g u e s s i n g  u s i n g  Model 11, descr ibed  
by H i l l  and B l i s s  (1968a) .   This  model  assumes t h a t  s u b j e c t s  p e r c e i v e  a 
given number o f  p o s i t i o n s  f r o m  t h e  t a c t i l e  p a t t e r n s  and  guess a t  t h e  
remain ing   unperce ived   pos i t ions .  The r e s u l t s   o f   t h i s   c o r r e c t i o n ,  which 
a r e  shown i n  F i g s .  4 ( a )  and 4 (b ) ,  a r e  d i scussed  be low.  
(1) The f u n c t i o n a l   r e l a t i o n s h i p   b e t w e e n   t h e  number o f   p o s i t i o n s  
presented  and  the  number perceived i s  e s s e n t i a l l y  c o n s t a n t .  
Th i s  f ind ing  i s  d i f f e r e n t  from tha t  o f  t he  p rev ious  expe r i -  
ment ( H i l l  and B l i s s ,  1968a) i n  wh ich   t he   sub jec t s   pe r fo r -  
mance increased  l i n e a r l y  wi th  n.  In   t ha t   expe r imen t ,  
performance increased by 1.9 posi t ions in  going from n = 2 
t o  n = 1 2 ;  i n  t h i s  e x p e r i m e n t  t h e  i n c r e a s e  was o n l y  0.3 
p o s i t i o n .  
( 2 )  The  improvement i n   s u b j e c t s '   p e r f o r m a n c e   d u r i n g   t h e   f i r s t  
month of the  exper iment  was small ( 2 0  t o  30 p e r c e n t ) .  
Learning was n o t  as e v i d e n t  a s  i n  t h e  p r e v i o u s  e x p e r i m e n t ,  
a s  i n d i c a t e d  b y  t h e  amount of hys te res i s  of  the  whole  
r e p o r t  data.  
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FIG. 4 WHOLE REPORT  PERFORMANCE  CURVES 
.4 d i r e c t  comparison  between  the two s u b j e c t s  i n  t h i s  e x p e r i m e n t  a n d  
those   o f   the   p rev ious   exper iment  i s  shown i n  F i g .  5. I n   F i g .  5 t h e  
d a t a  of t h e  f i r s t  whole report  series of b o t h  s u b j e c t s  EM and RR a r e  
compared t o  t h e  whole r e p o r t  d a t a  of the  prev ious  exper iments  ( H i l l  
and Bliss,  1968a), which were obta ined  f rom four  subjec ts  wi th  the  
same  amount of t r a i n i n g  e x p e r i e n c e .  
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FIG. 5 COMPARISON  OF  WHOLE  REPORT  PERFORMANCE OF SIMILARLY 
TRAINED SUBJECTS IN TWO  EXPERIMENTS,  USING  THE  SAME 
GUESSING  CORRECTION 
An a n a l y s i s  o f  t h e  subjects’  a b i l i t y  t o  l o c a l i z e  t h e  p o s i t i o n s  of 
t h e  w h o l e  r e p o r t  p a t t e r n s  was made u s i n g  t h e  b a s i c  method descr ibed by 
H i l l  and B l i s s ,  ( 1 9 6 8 a ) .  The measure f o r  t h i s  a n a l y s i s  i s  the  spread 
c o r r e l a t i o n   c o e f f i c i e n t  ( S C ) .  The magnitude  of  the S C ,  c a l c u l a t e d  
u s i n g  s t i m u l i  a t  a g i v e n  p o s i t i o n  i n  t h e  p a t t e r n s  and ad jacent  responses  
t o  t h e  r i g h t  ( s a y ) ,  i s  t h e  f r a c t i o n  o f  s t i m u l u s  p o s i t i o n s  r e p o r t e d  by 
t h e  s u b j e c t  a d i s t ance  o f  one  un i t  r i gh t  o f  where  they  shou ld  be  r epor t ed .  
SC va lues  have  been  computed  fo r  ad jacen t  l e f t ,  r i gh t ,  p rox ima l ,  and  
d i s t a l  l o c a t i o n s  as w e l l  as  the cent ra l  (or c o r r e c t )  l o c a t i o n  u s i n g  t h e  
d a t a  o f  t h e  f i r s t  w h o l e  report series. These SC va lues  are shown i n  
Figs .  6(a)  and 6(  b)  . 
F i g u r e s  6 ( a )  a n d  ( b )  show t h a t  w i t h  i n c r e a s i n g  p a t t e r n  d e n s i t y  
( n ) ,  b o t h  s u b j e c t s  l o c a l i z e  f e w e r  p o s i t i o n s  c o r r e c t l y ,  and l o c a l i z e  
p r o p o r t i o n a l l y  more p o s i t i o n s  i n  a d j a c e n t  l o c a t i o n s  ( l e f t ,  r i g h t ,  
p r o x i m a l ,   a n d   d i s t a l ) .   S e v e r a l   f e a t u r e s   o f   t h e   d a t a   a r e   l i s t e d   b e l o w :  
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FIG. 6 SPECIAL CORRELATION  COEFFICIENT  COMPUTED FROM THE  FIRST  WHOLE  REPORT SERIES 
A c o m p a r i s o n  o f  t h e  l e f t  and r igh t  confus ion  o f  bo th  
s u b j e c t s  r e v e a l s  n o  clear predominance  of  le f t  over  
r i g h t  c o n f u s i o n s .  
A comparison of  dis ta l  and proximal  confusion shows 
t h a t  t h e  s u b j e c t s  a p p a r e n t l y  made more d i s t a l l y  d i r e c t e d  
tha t  p rox ima l ly  d i r ec t ed  confus ions .  
A comparison of l e f t  and r igh t  confus ion  wi th  p rox ima l  
and d i s t a l  c o n f u s i o n s  shows t h a t  t h e  s u b j e c t s  made more 
e r ro r s  w i th in  f inge r s  t han  be tween  f inge r s .  
The bas i c  d i f f e rence  be tween  these  r e su l t s  and  those  o f  t he  p rev ious  
experiment is  t h e   t h i r d   f e a t u r e .   I n   t h e   p r e v i o u s   e x p e r i m e n t ,   s u b j e c t s  
made t h e  same p r o p o r t i o n  o f  l e f t - r i g h t  c o n f u s i o n s  a s  p r o x i m a l - d i s t a l  
c o n f u s i o n s .   I t   a p p e a r s   t h a t   t h e   s h o r t e r   s t i m u l u s   p a t t e r n s   o f   t h i s  
experiment caused more c o n f u s i o n s  w i t h i n  f i n g e r s  t h a n  d i d  t h e  p r e v i o u s  
experiment.  
C e n t r a l  s p r e a d  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  e a c h  o f  t h e  24 phalanx 
l o c a t i o n s  were a l s o  computed. The SC va lues   averaged   over   f inger  and 
pha lanx   fo r   bo th   sub jec t s   a r e  shown i n  F i g s .  7 and 8. These   f igures  
show t h e  f r a c t i o n  o f  p o s i t i o n s  c o r r e c t l y  r e p o r t e d  o n  e a c h  f i n g e r  or 
phalanx row with n = 4 ,  8 ,  and 1 2 .  The accuracy  on  the  three  rows  of 
pha langes   d ropped   of f   f rom  the   d i s ta l   to   the   p roximal   pos i t ions .   This  
drop i s  a t t r i b u t a b l e  t o  t h e  s e q u e n c e  i n  which t h e  s u b j e c t s  r e p o r t e d  
t h e  s t i m u l u s  p o s i t i o n s ;  d i s t a l  row f i r s t ,  t h e n  m i d d l e  row,  and  then 
proximal   row.   The  accuracy  on  the  e ight   f ingers   apparent ly   does  not  
fo l low a lawful   re la t ionship.   Accuracy  did  not   a lways  drop  off   f rom 
l e f t  t o  r i g h t  w i t h  t h e  r e p o r t i n g  s e q u e n c e ,  b u t  was d i f f e r e n t  w i t h  
d i f f e r e n t  i n d i v i d u a l s .  For s u b j e c t  EM, t h e  r i n g  and l i t t l e  f i n g e r s  
were t h e  more a c c u r a t e ,  w h i l e  f o r  s u b j e c t  RR t h e s e  f i n g e r s  were t h e  
l e a s t  a c c u r a t e .  
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D. P a r t i a l   R e p o r t  R e s u l t s  
The d a t a  o f  t h e  p a r t i a l  r e p o r t  e x p e r i m e n t  w e r e  c o r r e c t e d  f o r  
guess ing ,   u s ing  Model 11, desc r ibed  by Hill and B l i s s  (1968a) .   This  
model  assumes t h a t  s u b j e c t s  p e r c e i v e  a given number of  posi t ions from 
t h e  t ac t i le  p a t t e r n s  and  guess a t  the  remain ing  unperce ived  pos i t ions .  
The p a r t i a l  r e p o r t  r e su l t s  o f  s u b j e c t s  EM and RR computed u s i n g  t h i s  
c o r r e c t i o n  are  shown i n  F i g s .  9 and 10. The r e s u l t s  o f  s u b j e c t  EM are  
from  both f i r s t  and  second p a r t i a l  r e p o r t  series, bu t  t hose  o f  sub jec t  
RR are from t h e  f i r s t  series only.   Since  the  only  complete   data   f rom 
th i s  expe r imen t  were from s u b j e c t  EM, t h i s  s u b j e c t ' s  data were f u r t h e r  
a n a l y z e d  t o  i n v e s t i g a t e  t h e  e f f e c t s  of t h e  o t h e r  e x p e r i m e n t a l  v a r i a b l e s .  
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Tables  I11 and I V  g ive  two a n a l y s e s  o f  v a r i a n c e  c o n s i d e r i n g  e f f e c t s  o f  
marker delay ( 6  va lues ) ,  pha lanx  row  from  which t h e  r e p o r t  w a s  given 
( 3  values ,   proximal ,   middle ,   and d i s t a l ) ,  and series ( 2  v a l u e s ,  f i r s t  
and second) on the number o f  p o s i t i o n s  a v a i l a b l e  i n  t h e  p a r t i a l  r e p o r t  
and p a r t i a l  r e p o r t  w i t h  e r a s u r e .  An a n a l y s i s  of var i ance  w a s  a l s o  made 
o n  t h e  p a r t i a l  r e p o r t  ( f i r s t  series o n l y )  of s u b j e c t  RR. T h i s   a n a l y s i s ,  
though not  shown,  yielded essent ia l ly  the same r e s u l t s  a s  t h o s e  o f  
Table 111. 
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Table I11 
ANALYSIS OF VARIANCE OF THE NUMBER O F  POSITIONS  PERCEIVED I N  
THE PARTIAL  REPORT BY SUBJECT EM 
Source 
S e r i e s  ( S )  
Marker (M) 
Phalanx Row (P) 
S X M  
S X P  
M X P  
S X M X P  
Experimental  Error 
_= 
df  
1 
5 
2 
5 
2 
10  
1 0  
36 
- 
- 
- ~~ 
Mean Square 
0.2167 
0.1155 
8.7126 
0.1793 
0.3269 
0.1480 
0.1101 
0.1235 
” 
F Rat io  
1.75 
70.5 
1.45 
2.64 
1.19 
. . -  
S l g  . 
” 
P <: 0.001 
” 
” 
Table I V  
ANALYSIS OF VARIANCE OF THE NUMBER OF POSITIONS  PERCEIVED I N  
THE  PARTIAL  REPORT WITH ERASURE BY SUBJECT EM 
Source 
S e r i e s  ( S )  
Marker (M) 
Phalanx Row (P) 
S X M  
S X P  
M X P  
S X M X P  
Experimental  Error 
~ 
df  
1 
5 
2 
5 
2 
10 
10 
36 
- 
~ 
~ 
Mean Square. 
0.0196 
0.8166 
2.0747 
0.4319 
0.2954 
0.5996 
0.5798 
0.2566 
”_ ” 
”
 
F Ratio 
3.18 
8.08 
1.72 
1.15 
2.33 
2.26 
_-i-i_ 
”^ - 
Sig. - ~ -  I_ 
P < 0.02 
P < 0.005 
P < 0.05 
P < 0.05 
- 
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The p a r t i a l  r e p o r t  a n a l y s i s  o f  T a b l e  I11 shows tha t  marke r  de l ay  
d i d  n o t  i n f l u e n c e  t h e  resul ts .  Thus f o r  t h e  d u r a t i o n  o f  t h e  b r i e f  
s t i m u l u s  t h e r e  i s  no ev idence  for a t a c t i l e  s e n s o r y  r e g i s t e r .  
A compar i son  o f  t he  pa r t i a l  r epor t  expe r imen t  w i th  and wi thout  
erasure is  g iven   i n   F ig .  9 .  With t h e  p r e s e n c e  o f  t h e  t ac t i le  e r a s u r e  
f i e l d ,  o c c u r r i n g  600 m s  a f t e r  t h e  s t i m u l u s ,  t h e r e  w a s  a marked r e d u c t i o n  
i n  t h e  number o f  s t i m u l u s  p o s i t i o n s  a v a i l a b l e  ( p  < 0.001, using a t - tes t ) .  
Thus,  the erasure f i e l d  s t r o n g l y  r e d u c e d  t h e  s u b j e c t ’ s  a b i l i t y  t o  r e p o r t  
t h e  p a t t e r n s .  The ana lys i s  o f  Tab le  IV shows t h a t  w i t h  t h e  e r a s u r e  
f i e l d  , marker  de lay  inf luenced  the  resul ts  ( p < 0.01) . Figure  9 shows 
t h a t  t h e r e  i s  a s t r o n g e r  i n t e r f e r e n c e  e f f e c t  w i t h  p o s i t i v e  m a r k e r  d e l a y s  
than  with  zero,   and  negat ive  marker   delays.   Table  IV a l s o  shows t h a t  t h e  
interact ion between marker  delay and phalanx row is s i g n i f i c a n t  
( p  < 0.05) .  The d a t a  f o r  t h i s  i n t e r a c t i o n  a r e  p l o t t e d  i n  F ig .  11. 
The f i g u r e  shows t h a t  t h e  d i p  i n  pa r t i a l  r epor t  pe r fo rmance  wi th  t h e  
0.1-s marker i s  due  t o  t h e  r e p o r t i n g  a c c u r a c y  o f  t h e  f i n g e r  t i p s  a lone  
f a l l i n g  t o  z e r o .  The f i g u r e  a l s o  shows tha t   wh i l e   p rox ima l   and   d i s t a l  
pha lanx  loca t ions  were the  ones  more accu ra t e ly  r epor t ed  wi th  nega t ive  
marker  delay,  a l l  pha lanx  loca t ions  were e q u a l l y  w e l l  r e p o r t e d  a t  t h e  
l o n g e r  d e l a y s .  
Analysis  of  Tables  I11 and I V  a l s o  shows t h a t  t h e r e  were v e r y  
s i g n i f i c a n t  d i f f e r e n c e s  i n  r e p o r t i n g  a c c u r a c y  o n  t h e  d i f f e r e n t  p h a l a n x  
rows. The d a t a  are  p l o t t e d  t o  show phalanx row a c c u r a c y  i n  F i g .  1 2 .  
The main r e s u l t  i s  tha t  t he  r epor t ing  accu racy  o f  t he  midd le  row was 
cons ide rab ly  less t h a n  t h a t  o f  t h e  o t h e r  r o w s .  T h i s  is in   agreement  
wi th  the  p rev ious  expe r imen t  ( B l i s s  e t  a l . ,  1966)  where a d i f f e r e n t  
r e p o r t i n g  a l p h a b e t  was used  on  every  row.   In   this   experiment   the same 
a l p h a b e t  ( t h e  let ters A t o  H )  w a s  u sed  fo r  eve ry  row,  and t h e  r e s u l t s  
p r o v e  c o n c l u s i v e l y  t h a t  t h e  s u b j e c t s  were less a b l e  t o  l o c a l i z e  m i d d l e  
p h a l a n x  l o c a t i o n s  t h a n  e i t h e r  p r o x i m a l  o r  d i s t a l  l o c a t i o n s .  
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In  the  ana lys i s  o f  t he  p rev ious  n - tup le  expe r imen t  ( H i l l  and B l i s s ,  
1968a) a slow t a c t i l e   l e a r n i n g   p r o c e s s  was no t i ced .  The p r e s e n t   e x p e r i -  
ment was des igned   t o   a l l ow  seve ra l   measu res   o f   t ac t i l e   l ea rn ing .   The re  
were two rep l ica t ions  of  the  whole  repor t  exper iment  spaced  11 d a y s  
a p a r t ,  two r ep l i ca t ions  o f  t he  pa r t i a l  r epor t  expe r imen t  spaced  10 days 
a p a r t ,  and  two r e p l i c a t i o n s  o f  t h e  p a r t i a l  r e p o r t  e x p e r i m e n t  w i t h  
e rasure   spaced  5 d a y s  a p a r t .  The e f f e c t  o f  l e a r n i n g  i n  t h e  p a r t i a l  
repor t  exper iment  i s  t e s t e d  i n  T a b l e s  I 1 1  and I V  by t h e  Test S e r i e s  term. 
The s i m i l a r  a n a l y s i s  f o r  t h e  whole r e p o r t  i s  g iven   i n   Tab le  V .  S ince  
none of t h e s e  t h r e e  tests f o r  l e a r n i n g  w a s  s i g n i f i c a n t ,  w e  mus t  assume 
t h a t  l i t t l e  o r  no l e a r n i n g  o c c u r r e d  w i t h  t h e  b r i e f  s t i m u l i  u s e d  i n  t h i s  
experiment.  
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Table V 
ANALYSIS OF VARIANCE OF NUMBER OF POSITIONS 
PERCEIVED IN THE WHOLE REPORT 
Source 
S t i m u l i  (n) 
n X Sub jec t s  
S e r i e s  (SI 
S X Sub jec t s  
n X S  
n X S X S u b j e c t s  
- 
df 
5 
5 
1 
1 
5 
5 
- 
- 
Mean Square 
0.1148 
" 0.0638 
0.2185 
0.0084 
0.0314 
3.81  0.1195 
F Ra t io  
i 
sig . 
One exp lana t ion  o f  t he  low middle  phalanx accuracy shown i n  F i g .  1 2  
is  o f f e r e d  by t a c t i l e  mask ing ,   ano the r   by   f ac i l i t a t i on .  I n  t h e  a n a l y s i s  
of   the  previous  n- tuple   experiment  ( H i l l  and Bl iss ,  1968a) a test  f o r  
t a c t i l e  masking was developed.  This t es t  c o n s i d e r e d   t h e   r e p o r t i n g  
accuracy on a typ ica l  midd le  pha lanx  loca t ion  when it was surrounded 
by  no  neighboring s t i m u l i ,  one s t i m u l u s ,  e t c . ,  t o  a l l  f o u r  n e a r e s t  
ne ighbor ing  s t i m u l i .  I f  masking  descr ibes  t h e  r e s u l t s ,  t h e n  t h e  re- 
por t ing  accuracy  would  be less w i t h  t h e  l a r g e r  number of  surrounding 
s t i m u l u s  l o c a t i o n s .  The s t a t i s t i c a l  tes t  f o r  t h i s  masking  hypothesis 
i s  a t - tes t .  When accuracy   i nc reases   w i th   t he  number of   sur rounding  
l o c a t i o n s  ( f a c i l i t a t i o n ) ,  t h e  s i g n  o f  t i s  p o s i t i v e ;  when it  dec reases  
( m a s k i n g ) ,   t h e   s i g n  is  negat ive .   Table  V I  g i v e s   t h e   r e s u l t s  of t h i s  
tes t  a p p l i e d  t o  t h e  m i d d l e  phalanx accuracy measured using t h e  spread  
c o r r e l a t i o n   c o e f f i c i e n t  ( H i l l  and B l i s s ,  1968a,  Appendix B ) .  The t a b l e  
shows t h a t  none  o f  t he  r e su l t s  suppor t s  t ac t i l e  mask ing ,  and  one r e s u l t  
( p a r t i a l   r e p o r t   w i t h   e r a s u r e )   s u p p o r t s   t a c t i l e   f a c i l i t a t i o n .   T h e s e  re- 
s u l t s  a r e  i n  a g r e e m e n t  w i t h  t h o s e  of t h e  p r e v i o u s  e x p e r i m e n t ,  i n d i c a t i n g  
t h a t  n e i t h e r  t h e  d u r a t i o n  of t h e  b r i e f  s t i m u l u s  nor  the presence of t h e  
e r a s u r e  f i e l d  i n t r o d u c e s  t a c t i l e  m a s k i n g .  
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Table V I  
t-TESTS FOR THE MASKING HYPOTHESIS 
Condit ion 
Subjec t  EM 
” +0.32 14  Whole Report ,  n = 12  
Sig .  t df 
Subjec t  EM 
p 0.025 +2.18 14  Pa r t i a l Re or t /E rasu re  
Sub jec t  EM 
“ -1.40 14  P a r t i a l  R e p o r t  
Subjec t  RR 
” -0.87 14 Whole Report ,  n = 12 
~ 
The p a r t i a l  r e p o r t  s p r e a d  c o r r e l a t i o n s  ( S C )  are shown i n  Fig.  13. 
The meaning and computation of t h e s e  c o r r e l a t i o n s  a re  d i s c u s s e d  i n  d e t a i l  
by H i l l  and B l i s s  (1968a) .  They  measure t h e  a b i l i t y  o f  s u b j e c t s  i n  l o -  
c a l i z i n g  t h e  p o s i t i o n  o f  t h e  t a c t i l e  p a t t e r n s .  T h e s e  c o r r e l a t i o n s  a r e  
estimates o f  t h e  f r a c t i o n  o f  p o s i t i o n s  c o r r e c t l y  r e p o r t e d  ( z e r o  s e p a r a -  
t i o n ) ,  f r a c t i o n  o f  p o s i t i o n s  r e p o r t e d  o n e  u n i t  t o  t h e  r i g h t  ( 1 - r i g h t  
s e p a r a t i o n ) ,  e t c .  An a n a l y s i s  o f  v a r i a n c e  o f  t h e  SC showed t h a t  no s i g -  
n i f i c a n t  v a r i a t i o n  o f  t h e  SC occur red  wi th  d i f f e ren t  va lues  o f  marke r  
de l ay .  The a n a l y s i s  a l s o  showed t h a t  t h e  SC f o r  d i f f e r e n t   s e p a r a t i o n s  
were s i g n i f i c a n t l y  d i f f e r e n t  ( p  < 0.001). The p a r t i a l  r e p o r t  s p r e a d  
c o r r e l a t i o n s  o f  s u b j e c t  EM a r e  shown i n  F i g .  13 w i t h  s o l i d  d o t s  and 
t h o s e  of t h e  p r e v i o u s  f o u r  s u b j e c t s  ( M l ,  M2, M3, and M 4 )  a r e  shown with 
open   do ts .  The f i v e  p e r c e n t ,  two s ided  t-test i s  a l so  given i n  t h e  
f i g u r e  for comparison of pairs  o f  d a t a  p o i n t s .  F i g u r e  13 shows c l e a r l y  
t h a t  w i t h  t h e  b r i e f  ( 1 - m s )  s t i m u l i  EM perceived fewer locat ions and made 
p r o p o r t i o n a l l y  more l o c a l i z a t i o n  e r r o r s  t h a n  t h e  p r e v i o u s  s u b j e c t s .  
The shape of t h e  c u r v e s  shows t h a t  s u b j e c t  EM made r e l a t i v e l y  few l e f t -  
r i g h t  e r r o r s  and t h a t  t h e  main source of h e r  e r r o r s  was l o c a l i z a t i o n  w i t h -  
i n  a f i n g e r .  T h e r e  seems t o  be   no   no t i ceab le   e f f ec t   o f   t he   e r a su re   p re -  
s e n t a t i o n  o n  t h e  f o r m  o f  t h e  l o c a l i z a t i o n  c u r v e s  o t h e r  t h a n  a n  o v e r a l l  
29 
0.4 
0.3 
L 
0 5 0.2 
J 
w 
0: 
0: 
0 
V 
n 
a a 
2 0.1 
v) 
0 WITHOUT  ERASURE 
A WITH  ERASURE 
o PREVIOUS FOUR SUBJECTS 
WITHOUT ERASURE 
-0.1 
2 I 0 I 2 
LEFT RIGHT 
2 I 0 I 2 
PROXIMAL DISTAL 
DISTANCE  BETWEEN  LOCATIONS 
T A - 6 8 3 6 - 3 6  
FIG. 13 PARTIAL  REPORT  SPREAD  CORRELATION OF SUBJECT EM 
COMPARED  WITH  THOSE OF THE  PREVIOUS  EXPERIMENT 
r e d u c t i o n   i n   h e i g h t .  I t  t h u s   a p p e a r s   t h a t   t h e   e r a s u r e   p r e s e n t a t i o n   o n l y  
dec reased  the  number o f  pos i t i ons  pe rce ived  a n d  d i d  n o t  a f f e c t  t h e  a b i l i t y  
of s u b j e c t  EM t o  l o c a l i z e  t h e  t a c t i l e  s t i m u l i .  
E.  Resu l t s  of Prel iminarv  St imulus  Durat ion  Experiment  
Using a commercial  t ime-sharing computer to compute the guessing 
c o r r e c t i o n s  s h o r t l y  a f t e r  s u b j e c t s  f i n i s h e d  t h e i r  e x p e r i m e n t a l  s e s s i o n s ,  
i t  was notec! e a r l y  i n  t h e  e x p e r i m e n t  t h a t  s u b j e c t s  were not  per forming  
a s  well as  in   t he   p rev ious   expe r imen t .   S ince   t he   sho r t ened   du ra t ion   o f  
t h e  s t i m u l u s  p a t t e r n s  was one  of  the  main  d i f fe rences  be tween the  two 
experiments ,  w e  d e c i d e d  t o  e x p l o r e  t h e  e f f e c t  o f  t h e  s t i m u l u s  d u r a t i o n  
30 
by modifying the whole report  program on the LINC-8 con t ro l  compute r  t o  
p r e s e n t   t h e   s t i m u l u s   p a t t e r n s   w i t h   v a r i o u s   i n t e r m e d i a t e   d u r a t i o n s .   T h e s e  
a d d i t i o n a l  s e s s i o n s  were r u n  s h o r t l y . a f t e r  the second whole report  series 
as a t h i r d ,  n o n p r o p r i e t a r y ,  s e s s i o n  o f  t h e  d a y ,  so as n o t  t o  i n t e r f e r e  
w i t h  t h e  s c h e d u l e  of the  expe r imen t  g iven  in  Tab le  I .  The v a r i a b l e -  
d u r a t i o n  series c o n s i s t e d  o f  s t i m u l u s  p a t t e r n s  h a v i n g  e i t h e r  4 or 10 
s t i m u l u s  p o s i t i o n s  p r e s e n t e d  w i t h  2, 5 ,  or 1 0  p r e s s u r e  p u l s e s ,  a s  
described i n  t h e  p r o c e d u r e  o u t l i n e .  
I n  a d d i t i o n  t o  t h e  r e s u l t s  o f  s u b j e c t  EM, the f ragmentary r e su l t s  of 
s u b j e c t  RR are shown in  F ig .  14 .  Da ta  po in t s  f rom t h e  second  whole 
r e p o r t  series (hav ing  b u t  o n e  p r e s s u r e  p u l s e )  a r e  t h e  l e f t - m o s t  p o i n t s  
o f  t h e  f i g u r e ,  and d a t a  from t h e  f o u r  M s u b j e c t s  of t h e  p r e v i o u s  
experiment  ( taken with 20 p r e s s u r e  p u l s e s )  a r e  shown o n  t h e  r i g h t .  
Without  complete r e su l t s  f rom both subjects ,  it is  n o t  p o s s i b l e  t o  p e r -  
fo rm an  ana lys i s  de t e rmin ing  the  e f f ec t  o f  s t i m u l u s  duratTon on pe r fo r -  
mance, because t h e  e r r o r  v a r i a n c e  c a n n o t  be computed,  and t h e  data  of  
Fig.  14 suggest  no c l e a r  r e l a t i o n  between whole report performance and 
s t i m u l u s   d u r a t i o n .   I n   S e c .  I V  a more comprehensive  experiment w i t h  
s e v e r a l  s u b j e c t s  u s i n g  s t i m u l u s  d u r a t i o n s  i n  t h e  r a n g e  from 1 ms t o  
500 m s  i s  r e p o r t e d .  
F. Discuss ion  
I 
This  experiment  showed tha t  in format ion-process ing  models  descr ib ing  
v e r y  b r i e f  ( 1 - m s )  t a c t i l e  p a t t e r n s  and the  p rev ious  100-ms p a t t e r n s  a r e  
d i f f e r e n t  i n  c h a r a c t e r .  The  main d i f f e r e n c e s   a r e :  
(1) With v e r y  b r i e f  p a t t e r n s  t h e  t o t a l  number o f  p o s i t i o n s  
perce ived  was cons tan t  (be tween 1.5 and 2 p o s i t i o n s )  
independent  of  the  number p r e s e n t e d  ( n ) ,  w h i l e  w i t h  t h e  
100-ms p a t t e r n s  t h e  number o f  pos i t i ons  pe rce ived  
c r e a s e d  l i n e a r l y  ( f r o m  1.8 t o  4 . 0  p o s i t i o n s )  a s  n 
increased from 2 t o  1 2 .  
in -  
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FIG. 14 SUBJECT  PERFORMANCE  WITH  THE  NUMBER OF I-ms PULSES 
IN TACTILE  PRESENTATION OF WHOLE  REPORT  PATTERNS 
( 2 )  With v e r y  b r i e f  p a t t e r n s  t h e r e  was no   ev idence   fo r   t he  
t a c t i l e  s e n s o r y  r e g i s t e r  m e a s u r e d  a n d  s t u d i e d  i n  t h e  
previous experiment .  
This experiment a l s o  showed t h a t  a f i e l d  o f  t a c t i l e  s t i m u l i ,  
app l i ed  s imul t aneous ly  on a l l  24 pha lanx  loca t ions  0.6 s e c o n d  a f t e r  
t h e  s t i m u l u s  p a t t e r n  is p r e s e n t e d ,  s i g n i f i c a n t l y  r e d u c e s  t h e  number 
of p o s i t i o n s   a v a i l a b l e .   B e c a u s e  
r e f e r r e d  to  a s  a n  e r a s u r e  f i e l d .  
of t h i s  p r o p e r t y ,  t h i s  f i e l d  may be 
I n  t h i s  e r a s u r e  f i e l d  e x p e r i m e n t  
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t h e r e  is a s i g n i f i c a n t  d i p  i n  s u b j e c t  p e r f o r m a n c e  w i t h  t h e  100-ms marker 
de l ay .   Th i s  may be t h e  same type of   masking"   e f fec t   observed   in   v i sua l  
perception experiments by Averbach and Corril l  (1961) and Mayzner,  
Tresselt,  and  Hel fer  (1967) .  
1 1  
The r e p o r t i n g  a l p h a b e t  o f  t h i s  e x p e r i m e n t  was t h e  same fo r  each  row 
of  phalanges.  Thus the very poor  report ing accuracy on the middle  phalanges 
cannot 
ment . 
f a i l e d  
b e  a t t r i b u t e d  t o  t h e  r e p o r t i n g  a l p h a b e t  a s  i n  t h e  p r e v i o u s  e x p e r i -  
A hypo thes i s  des igned  to  show the  p re sence  o f  t ac t i le  masking 
t o  e x p l a i n  t h i s  s t r o n g  e f f e c t ,  and w e  must  assume t h a t  t a c t i l e  
masking i s  n o t  r e s p o n s i b l e .  Even wi th  ve ry  b r i e f  s t i m u l i  a sp read ing  
model   can  explain  this  low middle-phalanx  accuracy. The spread   cor re-  
l a t i o n  a n a l y s e s  showed t h a t ,  i n  b o t h  t h e  whole  and p a r t i a l  r e p o r t  e x -  
p e r i m e n t s ,  r e l a t i v e l y  p o o r  l o c a l i z a t i o n  w i t h i n  a f inger  accounted  for  the  
l o w  performance  on a l l  three rows. Considerably  fewer  e r rors  were  made 
be tween f ingers .  
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I V  THE INFLUENCE O F  STIMULUS  DURATION 
ON TACTILE  PATTERN  PERCEPTION 
A .  I n t r o d u c t i o n  
In  Sec.  111, w e  r e p o r t e d  r e s u l t s  i n d i c a t i n g  t h a t  t h e  i n f o r m a t i o n  
a v a i l a b l e  i s  much less w i t h  a 1 - m s  s t i m u l u s  d u r a t i o n  t h a n  w i t h  a 100-ms 
s t i m u l u s   d u r a t i o n .   T h e s e   r e s u l t s   a l s o   i n d i c a t e d   t h a t   t h e   f u n c t i o n a l  
r e l a t ionsh ip  be tween  memory c a p a c i t y  and  number of s t i m u l i  p resented  
i s  d i f f e r e n t  f o r  t h e  1 - m s  d u r a t i o n  p a t t e r n s  and t h e  100-ms p a t t e r n s .  
I n  a d d i t i o n ,  o u r  p r e v i o u s  r e s u l t s  i n d i c a t e d  t h a t  t r a i n i n g  h a s  a n  
apprec iab le  long- te rm inf luence  on  subjec t  per formance  in  these  tasks  
( H i l l  and B l i s s ,  1968a).  
S t imulus  dura t ion  and  amount o f  t r a i n i n g  a r e  i m p o r t a n t  v a r i a b l e s  
t h a t  must be handled by any model of t a c t i l e  i n f o r m a t i o n  p r o c e s s i n g .  
S p e r l i n g  (1960) has  shown t h a t  v i s u a l  p e r c e p t i o n  o f  le t ter  p a t t e r n s  i s  
p r a c t i c a l l y  i n s e n s i t i v e  t o  s t i m u l u s  d u r a t i o n  o v e r  t h e  r a n g e  15  t o  500 m s .  
The experiment  descr ibed below uses  whole report  and p a r t i a l  r e p o r t  
p rocedures  to  measu re  the  e f f ec t s  o f  s t imu lus  du ra t ion  and  t r a in ing  on 
t h e  c a p a c i t y  o f  t h e  t a c t i l e  s e n s o r y  r e g i s t e r  and t h e  s h o r t - t e r m  s t o r e .  
A Greco-Lat in   square   exper imenta l   des ign  was used.  The whole   repor t  
e x p e r i m e n t  e s t i m a t e s  t h e  l i n e a r l y  s e p a r a b l e  e f f e c t s  o f  s t i m u l u s  d u r a t i o n ,  
l e a r n i n g  by t h e  s u b j e c t s ,  and  number of s t i m u l i  p r e s e n t e d  o n  t h e  number 
of   pos i t ions   perce ived   f rom t a c t i l e  p a t t e r n s .  The p a r t i a l  r e p o r t  d e s i g n  
e s t i m a t e s  t h e  e f f e c t s  o f  s t i m u l u s  d u r a t i o n  a n d  l e a r n i n g  on t h e  number o f  
p o s i t i o n s  a v a i l a b l e  i n  t h e  p a r t i a l  r e p o r t .  
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B . Method 
1. Apparatus 
The a r r a y  of a i r j e t  t a c t i l e  s t i m u l a t o r s  a n d  t h e i r  u s e  i n  t h e s e  
experiments are desc r ibed   i n   Sec .  111. The  same je t s  independent ly  
s t i m u l a t e d  t h e  same 24 i n t e r j o i n t  r e g i o n s  of the  hand.  Both  the  whole 
and par t ia l  repor t  computer  programs ga ted  on  n o f  t h e  24 a i r j e t s  f o r  
a given  length  of   t ime.  The times were chosen so t h a t  t h e  150 Hz c lock  
tu rned   t he  a i r j e t s  on  and off  1, 2 ,  5 ,  10, 2 0 ,  40, or 80 times. Thus, 
t h e  s e l e c t e d  s t i m u l a t o r s  were s imul t aneous ly  tu rned  on  and o f f  a given 
number of times a t  a 150-Hz ra te  t o   p r o d u c e   t h e  s t i m u l u s  p a t t e r n s .  An 
osc i l loscope  photograph  showing the  shape  of  the  pressure  p u l s e s  used 
in   t h i s   expe r imen t  is shown i n   F i g .  2 .  
2.  Sub jec t s  
T h r e e   c o l l e g e   s t u d e n t s   s e r v e d   a s   p a i d   s u b j e c t s .   S u b j e c t  EB was a 
male college sophomore,  J I  a female college freshman, and MS a male 
g radua te   s tuden t .   Sub jec t  EB has   neve r   pa r t i c ipa t ed   i n   an   expe r imen t  
o f  t h i s  n a t u r e ,  b u t  b o t h  s u b j e c t  J I  and MS had  two weeks '  pract ice  on 
a similar v isua l  percept ion  exper iment .  
3 .  Procedure 
Each sub jec t  pa r t i c ipa t ed  in  the  expe r imen t s  fo r  approx ima te ly  a 
one-hour  period  each  day.  During  this  period  he was paced  through  part  
o f  h i s  s e q u e n t i a l  tes t  s c h e d u l e .   S i n c e   t h e   s e s s i o n s   o f   t h e  tes t  schedule  
var ied from 10 t o  25 minutes each, and a 5-to-10-minute res t  pe r iod  was 
al lowed between sessions,  a v a r i a b l e  number ( f rom 2 t o  4 )  o f  s e s s i o n s  
were  completed  each d a y .  The whole  and p a r t i a l  r e p o r t  t e s t i n g  s c h e d u l e s  
used are  shown in   Tab le s  VI1 and VI I I .  No t r a i n i n g  was under taken   in  
these  exper iments ,  s ince  the  exper imenta l  des ign  a l lowed subjec t  learn ing  
t o  be i s o l a t e d  from t h e  o t h e r  p a r t s  o f  t h e  e x p e r i m e n t ,  and s e p a r a t e l y  
measured. 
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Table V I 1  
WHOLE REPORT  TESTING SCHEDULE 
Session 
n 
Stimulus 
pulses 
# Trials 
Session 
n 
Stimulus 
pulses 
# Trials 
Session 
n 
Stimulus 
pulses 
# Trials 
Session 
n 
Stimulus 
pulses 
# Trials 
Session 
n 
Stimulus 
pulses 
# Trials 
Session 
n 
Stimulus 
pulses 
# Trials 
-1- 
4 
40 
24 
. .  " ~~~ 
-7- 
8 
20 
24 
~ _ _ ~  - "  ~ 
-13- 
6 
80 
24 
. .. 
~~ 
-19- 
10 
2 
36 
~~ 
-25- 
2 
10 
24 
-31- 
12 
40 
72 
__- 
-2- 
10 
20 
36 
-8 - 
2 
80 
24 
-~~ ~ 
-14- 
12 
5 
72 
~ ~~~ 
-20 - 
8 
10 
24 
-26- 
6 
40 
24 
-32- 
4 
20 
24 
-3- 
8 
80 
24 
~ 
-9 - 
6 
5 
24 
-15- 
4 
2 
24 
-21- 
2 
40 
24 
-27- 
12 
20 
72 
-33- 
10 
80 
36 
37 
" 
-4- 
2 
5 
24 
-10- 
12 
2 
72 
-16- 
10 
10 
36 
-22- 
6 
20 
24 
-28 - 
4 
80 
24 
-34- 
8 
5 
24 
- 5- 
6 
2 
24 
-11- 
4 
10 
24 
-17- 
8 
40 
24 
-23- 
12 
80 
72 
-29- 
10 
5 
36 
-35- 
2 
2 
24 
-6- 
12 
10 
72 
-12- 
10 
40 
36 
-18- 
2 
20 
24 
-24- 
4 
5 
24 
-30- 
8 
2 
24 
-36- 
6 
10 
24 - 
Table  V I 1 1  
PARTIAL REPORT  TESTING SCHEDULE 
S e s s i o n  
# St imulus  
-1- -4- 
p u l s e s  40 80 
"~ . ~. ." 
S e s s i o n  
# St imulus  
-2 - -5- 
p u l s e s  5 10 
S e s s i o n  
# St imulus  
-6- 
p u l s e s  20 2 
. - " 
For  who le  r epor t  t e s t ing ,  t he  number of p r e s e n t a t i o n s  for each value 
of n was chosen t o  a l l o w  t h e  v a r i a n c e  of t h e  mean number of p o s i t i o n s  
pe rce ived  to  be  less than  or e q u a l  t o  a c o n s t a n t  ( 0  5 .61), under  the 
c o n s t r a i n t  t h a t  t h e  d u r a t i o n  of the  experiment   be two  weeks.  For  par- 
t i a l  r e p o r t  t e s t i n g  w i t h  n = 1 2 ,  132 p r e s e n t a t i o n s  for each value of 
s t i m u l u s  d u r a t i o n  were c h o s e n  t o  a l l o w  t h e  v a r i a n c e  of t h e  number of 
p o s i t i o n s  a v a i l a b l e  t o  b e  a c o n s t a n t  ( 0  = .78), u n d e r  t h e  c o n s t r a i n t  
t h a t  t h e  d u r a t i o n  of the  experiment   be  one  week.   During  each  session 
an  equal  number of p r e s e n t a t i o n s  were made a t  a l l  i n t e r j o i n t  p o s i t i o n s .  
I n  b o t h  p o r t i o n s  of the  expe r imen t ,  each  sub jec t  had be fo re  him a t  
a l l  times a r e p l i c a  ( F i g .  3) of the   a lphanumer ic   r e sponse   a lphabe t .  On 
any  one t r i a l ,  n s t i m u l a t i o n  s i tes  were chosen (by the computer)  out  of 
t h e  p o s s i b l e  24 i n t e r j o i n t  l o c a t i o n s .  I n  a n y  o n e  s e s s i o n  t h e  number of 
pos i t i ons  s imul t aneous ly  s t imu la t ed ,  n ,  was cons tan t  and  known by t h e  
s u b j e c t s .  The d u r a t i o n  ( e q u i v a l e n t l y ,  t h e  number of p u l s e s  i n  t h e  
s t i m u l u s )  was a l s o  c o n s t a n t ,  b u t  unknown by t h e  s u b j e c t s .  
38 
In  t h e  whole r e p o r t  e x p e r i m e n t  t h e  s u b j e c t s  were a s k e d  t o  r e p o r t  
a l l  t h e  s t i m u l a t e d  p o s i t i o n s  row  by  row,  from l e f t  t o  r i g h t .  The re- 
p o r t i n g  scheme and t h e  t i m i n g  o f  s t i m u l u s  p r e s e n t a t i o n s  a r e  e x a c t l y  
t h e  same as t h e  t r a i n i n g  series d e s c r i b e d  i n  S e c .  111. 
I n  t h e  p a r t i a l  r e p o r t  e x p e r i m e n t  t h e  s u b j e c t s  were informed by a 
v isua l  marker ,  beginning  immedia te ly  upon te rmina t ion  of t h e  s t i m u l u s ,  
of which row t o  r e p o r t .  A g a i n ,  t h e  c o m p l e t e  d e s c r i p t i o n  o f  t h e  s t i m u l u s -  
marke r  t iming  and  the  sub jec t s '  r epor t ing  scheme is t h e  same as  t h e  
p a r t i a l  r e p o r t  series desc r ibed  in  Sec .  111. 
C. Whole Repor t   Resul t s  
The  whole r e p o r t  resu l t s  were co r rec t ed  fo r  guess ing  wi th  Model I 1  
desc r ibed  by H i l l  and B l i s s  ( 1 9 6 8 a )  t o  o b t a i n  t h e  number o f  p o s i t i o n s  
perce ived .  The  number o f  p o s i t i o n s  p e r c e i v e d  by  each sub jec t  on  each 
s e s s i o n  was g i v e n  a n  a n a l y s i s  o f  v a r i a n c e ,  the  summary of which is  
g iven  in  Tab le  I X .  The t a b l e  shows t h a t  a l l  t h r e e  of the  expe r imen ta l  
v a r i a b l e s   s i g n i f i c a n t l y   a f f e c t   t h e   s u b j e c t s '   s c o r e s .   I n   a d d i t i o n ,   t h e r e  
is  i n s u f f i c i e n t  e v i d e n c e  t o  show t h a t  t h e  s u b j e c t s '  s c o r e s  do not  depend 
l i n e a r l y  on  each  o f  t he  th ree  va r i ab le s .  
The  main r e s u l t s  o f  t h e  e x p e r i m e n t  are  g i v e n  i n  F i g s .  15, 16 ,  and 17.  
F igu re  15 g i v e s  t h e  number o f  p o s i t i o n s  p e r c e i v e d  a s  a f u n c t i o n  o f  n ,  
averaged over a l l  s i x  v a l u e s  o f  s t i m u l u s  d u r a t i o n  and a l l  s i x  s e s s i o n s .  
T h i s  f i g u r e  shows t h a t  t h e  i n d i v i d u a l  d i f f e r e n c e s  o b s e r v e d  i n  t h i s  t y p e  
of  experiment  were (1) v a r i a t i o n s  i n  o v e r a l l  p e r f o r m a n c e  l e v e l  and ( 2 )  
v a r i a t i o n s  i n  upward s l o p e .  
F igu re  16 shows t h e  l i n e a r  i n c r e a s e  i n  p e r f o r m a n c e  i n  r e l a t i o n  t o  
t h e  l o g a r i t h m  of t h e  s t i m u l u s  d u r a t i o n  ( n o t e  l o g a r i t h m i c  s c a l e  o n  t h e  
o r d i n a t e ) .  The r e l a t ive ly   s low  inc rease   i n   pe r fo rmance   ove r  a wide 
r a n g e  o f  s t i m u l u s  d u r a t i o n  ( i . e . ,  30 p e r c e n t  i n c r e a s e  w i t h  a 40 t o  1 
change i n  s t i m u l u s  d u r a t i o n )  s u g g e s t s  t h a t  t h e  o n s e t  o f  t h e  p r e s s u r e  
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Table  I X  
SUMMARY OF ANALYSIS OF VARIANCE OF THE NLTlYIBER OF POSITIONS 
PERCEIVED I N  THE WHOLE REPORT 
Source 
S u b j e c t s  
S t imulus  Dura t ion  (D) 
L inea r  
Remainder 
S u b j e c t s  X D 
n 
L inea r  
Remainder 
S u b j e c t s  x n 
D X n  
S u b j e c t s  X D X n 
Learning  (L) 
L inea r  
Remainder 
S u b j e c t s  x L 
df 
5 
5 
1 
4 
10 
5 
1 
4 
10 
20 
40 
5 
1 
4 
10 
- 
~ _ _ _  ~ " 
~- - .  Mean Square 
8.216 
6.976 
.043 
.133 
28.554 
1 .836  
1 .133  
.326 
.301 
2.069 
.006 
.292 ~-~ . . ~.. 
~~ .~ 
F 
~~ 
~ " 
52.1  
" 
25.2 
1 . 6 2  
1 .08  
7 .12  
" 
~ 
. .- 
sig. .- 
p c 0.001 
p < 0 .001  
p < 0.025 
.. ..- _. _ .  
pu l ses  t r ansmi t s  t he  mos t  i n fo rma t ion  and t h a t  l i t t l e  a d d i t i o n a l  
in format ion  is  t r a n s m i t t e d  by t h e  l a te r  pu l ses  o f  t he  s t i m u l u s .  
T h i s  r e s u l t  may be made more q u a n t a t i v e  by f i t t i n g  t h e  number of 
p o s i t i o n s  p e r c e i v e d ,  P ,  of F i g .  1 6  w i t h  t h e  e q u a t i o n  
p = ~ + a i n D  ,
where A i s  t h e  number of p o s i t i o n s   p e r c e i v e d  by a subjec t   wi th   one  
p u l s e ,  i s  the   s lope   o f   t he   cu rves ,   and  D i s  t h e  number o f   p re s su re  
p u l s e s  a t  t h e  150-Hz ra te .  For t h e   t h r e e   s u b j e c t s ,  Eq .  (1) becomes 
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Using Eq. ( 2 )   t o  form a d i f f e r e n c e   e q u a t i o n ,   t h e   i n c r e m e n t   i n  P f o r  
e a c h  a d d i t i o n a l  p u l s e  i s  
D + l  AP = 0.26  Qn - 0 .26  
D D + 1/2  = 
The e f f e c t  of l e a r n i n g  d u r i n g  t h e  2-1/2-week per iod over  which the 
experiment was run  is  shown i n  F i g .  17. The  Greco-Latin  square  experi-  
menta l  des ign  a l lowed each  consecut ive  group of  s ix  sess ions  to  conta in  
one   sess ion   wi th   each   va lue   o f  n and  one  session  with  each  value  of  
s t imulus   dura t ion .   Thus ,   each   consecut ive   g roup  i s  independent   of   the  
o t h e r   e x p e r i m e n t a l   v a r i a b l e s .  The l i n e a r   i n c r e a s e   i n   p e r f o r m a n c e   w i t h  
time i s  small b u t  s i g n i f i c a n t  (see Table   IX).  O v e r  t h e  2-1/2-week 
t e s t i n g  p e r i o d ,  t h e  a v e r a g e  s u b j e c t  p e r f o r m a n c e  i n c r e a s e d  by 0.4 pos i -  
t i on .   These   r e su l t s   f avor   mode l  P ( l i n e a r  model)  over  model P 
(percentage  model)   descr ibed  by H i l l  and B l i s s  (1968a ) .  The i n c r e a s e  
in  pe r fo rmance  in  th i s  expe r imen t  was 0.04 p o s i t i o n  p e r  test  day,  and 
t h e   i n c r e a s e   p r e d i c t e d  by  model P 0.066 p o s i t i o n   p e r  t es t  day.  There 
i s  ev idence  tha t  learn ing  on  these  exper iments  i s  dependent  on s t imulus 
durat ion.   For   example,   in   experiments   with 1-ms pulses   (Sec.111)  
p r a c t i c a l l y  no   l ea rn ing  w a s  obse rved   fo r  two s u b j e c t s .  The i n t e r a c t i o n  
be tween learn ing  and  s t imulus  dura t ion  cannot  be t e s t e d  w i t h  t h i s  
exper imenta l  des ign .  
1 2 
1' 
Figure  18 shows t h e  whole r e p o r t  c h a r a c t e r i s t i c s  a v e r a g e d  o v e r  a l l  
t h r e e  s u b j e c t s  w i t h  s t i m u l u s  d u r a t i o n  as  a parameter.   Only  four  values 
of s t imulus   dura t ion   have   been  shown t o  s i m p l i f y  t h e  p r e s e n t a t i o n .  This 
fami ly  of c u r v e s  e x p l a i n s  t h e  d i f f e r e n c e s  i n  b o t h  t h e  amount  and t h e  
func t iona l  r e l a t ion  o f  t he  in fo rma t ion  conveyed  by 1-ms and 100-ms 
t a c t i l e  p a t t e r n s  n o t e d  i n  Sec. 111. B o t h   t h e   o v e r a l l  number of   pos i -  
t i ons  pe rce ived  and t h e  s l o p e  o f  t h e  c u r v e s  i n c r e a s e  w i t h  s t i m u l u s  
du ra t ion .   F igu re  18 s u g g e s t s   t h a t  s t i m u l u s  d u r a t i o n   a f f e c t s   p e r c e p t i o n  
o f  p a t t e r n s  w i t h  a l a r g e  number o f  s t i m u l i  ( n )  more than  those  wi th  a 
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low  number.  However,  Table I X  shows t h a t  t h e r e  i s  not   enough  experimental  
e v i d e n c e  t o  s u p p o r t  t h i s  c o n c l u s i o n .  
The ana lys i s  o f  va r i ance  pe r fo rmed  on  the  da t a  g ives  a least  squa res  
f i t  o f  t he  fo l lowing  equa t ion  
where S ,  D,  N ,  and L r e f e r ,  r e s p e c t i v e l y ,  t o  t h e  e f f e c t s  o f  s u b j e c t s ,  
s t i m u l u s   d u r a t i o n ,   n ,  and t h e   l e a r n i n g   p e r i o d s .  The l a s t  term 8, i s  
a no rma l ly  d i s t r ibu ted  random v a r i a b l e  w i t h  a mean o f  ze ro .  S ince  
Table I X  shows t h a t  t h e  r e s u l t s  o n l y  depend l i n e a r l y  o n  t h e  parameters 
of   the  experiment ,  Eq. ( 4 )  may b e  s i m p l i f i e d  t o  
where ff, p, and y a r e  c o n s t a n t s  r e f l e c t i n g  t h e  s l o p e s  of t he  expe r imen ta l  
va r i ab le s .   Ano the r   poss ib l e  model is  suggested  by  Fig.  18. 
P = S .  + m ( 1  + @ l o g  D )  + @ + , 
b 1 
where  both  the  he ight  and  s lope  of  the  curves  increase  wi th  s t imulus  
d u r a t i o n .  
-
Models l i k e  E q s .  ( 5 )  and ( 6 )  can  be f i t t e d  t o  t h e  d a t a  by m u l t i p l e  
l i n e a r  r e g r e s s i o n ,  a n d  t h e  c o r r e s p o n d i n g  r e s i d u a l  v a r i a n c e  c a n  be u s e d  
t o  d e c i d e  on t h e  v a l i d i t y  o f  t h e  m o d e l s .  
D. P a r t i a l   R e p o r t   R e s u l t s  
The results of t h e  p a r t i a l  r e p o r t  were c o r r e c t e d  f o r  g u e s s i n g  w i t h  
t h e  same  model used  i n  t h e  whole repor t   exper in ien t .  The accuracy  f o r  
each response from each phalanx row f o r  e a c h  s u b j e c t  and s e s s i o n  was 
g iven  an  ana lys i s  of v a r i a n c e  t o  d e t e r m i n e  t h e  s i g n i f i c a n c e  of t h e  
expe r imen ta l   va r i ab le s .  The a n a l y s i s   g i v e n   i n   T a b l e  X shows t h a t   o n l y  
two v a r i a b l e s ,  s t i m u l u s  durat ion  and  phalanx row, s i g n i f i c a n t l y  a f f e c t  
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Table  X 
SUMMARY OF ANALYSIS OF VARIANCE OF THE 
RESPONSE ACCURACY I N  THE PARTIAL  REPORT 
Source 
S u b j e c t s  
S t imulus  Dura t ion  (D) 
L i n e a r  
Remainder 
S u b j e c t s  X D 
Repeats  (R) 
S u b j e c t s  X R 
Phalanx Row (P) 
L i n e a r  
Quadra t ic  
S u b j e c t s  X P 
D X R  
S u b j e c t s  X D X R 
D X P  
S u b j e c t s  X D X P 
R X P  
S u b j e c t s  X R X P 
df  
2 
6 
1 
5 
12  
1 
2 
2 
1 
1 
4 
6 
12 
12  
24 
2 
4 
Mean S q u a r F  
~~ 
1.714 
.612 
.029 
.080 
.008 
.062 
.272 
3.494 
.320 
.041 
.049 
.041 
. 033  
.048 
.039 
F 
7.65  
" 
" 
" 
11.9 
" 
1 . 2 4  
1 .23  
Sign. 
? < 0.025 
1 < 0.05 
t h e   s u b j e c t s '  scores. There is not   enough  evidence  to  show t h a t   l e a r n -  
ing,   measured  over  a two-day s p a n  i n  t h i s  e x p e r i m e n t ,  is  s i g n i f i c a n t .  
The number of p o s i t i o n s  a v a i l a b l e  i n  t h e  p a r t i a l  r e p o r t  is shown 
i n  F i g .  19 for  the   t h ree   sub jec t s .   The re   appea r  to  b e  i n t r i n s i c  d i f -  
f e r e n c e s  i n  t h e  e f f e c t  of t h e  d i f f e r e n t  s t i m u l u s  du ra t ions  on  the  three 
s u b j e c t s .  For b o t h   s u b j e c t s  JI and MS, t h e  number o f   p o s i t i o n s   a v a i l a b l e  
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was r e l a t i v e l y  c o n s t a n t  w i t h  s t i m u l u s  d u r a t i o n ,  w h i l e  f o r  s u b j e c t  EB t h e  
number increased   wi th  s t i m u l u s  dura t ion .   These   d i f fe rences  may be  due 
t o  s t a t i s t i c a l  f l u c t u a t i o n s  o f  t h e  data. 
The d i f f e r e n t  r e p o r t i n g  a c c u r a c i e s  o n  each pha lanx  a re  shown i n  
F ig .  20. The  low repor t ing  accuracy  on  the  middle  row ( s i g n i f i c a n t ,  
p < 0.05) has been accounted for before and i s  p a r t  of t h e  bas i s  o f  
the ' ' s t imulus spreading" model descr ibed  by H i l l  and Bliss (1968a) .  
I I I 
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FIG. 20 THE RESPONSE ACCURACY  ON 
EACH  PHALANX ROW AVERAGED 
OVER  STIMULUS  DURATION  AND 
REPETITIONS 
An i n t e r e s t i n g  f e a t u r e  o f  t he  da ta  broken  in to  pha lanx  rows i s  shown i n  
F i g .  21. The middle row is more s t r o n g l y  a f f e c t e d  by s t i m u l u s  d u r a t i o n  
t h a n  e i t h e r  t h e  d i s t a l  or proximal row ( p  < 0.05). Thus,  t he  upward 
t r e n d  i n  p a r t i a l  r e p o r t  p e r f o r m a n c e  w i t h  s t imu lus  du ra t ion  i s  due 
la rge ly  to  increased  per formance  on  the  middle phalanges.  
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E.  Discuss ion  
Both whole and 
j ec t s  a s  a f u n c t i o n  
c i t y  o f  t h e  t a c t i l e  
p a r t i a l  r e p o r t s  f o r  n = 1 2  p a t t e r n s  f o r  a l l  th ree  sub-  
o f   s t imu lus   du ra t ion  are  shown i n  F i g .  22.  The  capa- 
s h o r t - t e r m  s t o r e  (STS) is  represented  by  the  whole  
r e p o r t  c u r v e s ,  a n d  t h e  c a p a c i t y  o f  t h e  t a c t i l e  s e n s o r y  r e g i s t e r  b y  t h e  
p a r t i a l   r e p o r t   c u r v e s .   R e g a r d i n g   i n d i v i d u a l   s u b j e c t s ,   t h e r e   a p p e a r   t o  
be two t y p e s  o f  r e s u l t s .  For s u b j e c t s  J I  and MS, t he   d i f f e rence   be tween  
s e n s o r y  r e g i s t e r  c a p a c i t y  and STS seems t o  dec rease  wi th  s t imu lus  du ra t ion ,  
w h i l e  f o r  s u b j e c t  EB, t h i s  d i f f e r e n c e  seems t o  i n c r e a s e  w i t h  s t i m u l u s  
d u r a t i o n .   T h e s e   d i f f e r i n g   r e s u l t s  may r e p r e s e n t   i n d i v i d u a l   d i f f e r e n c e s  
or s t a t i s t i c a l  f l u c t u a t i o n s  i n  t h e  d a t a .  Assuming t h a y   t h e y   r e p r e s e n t  
s t a t i s t i c a l  f l u c t u a t i o n s  o f  t h e  d a t a ,  t h e  a v e r a g e  s c o r e s  o f  a l l  t h r e e  
s u b j e c t s  a r e  a l s o  shown i n  F i g .  22.  The ave rage   s co res   sugges t   t ha t   bo th  
whole r e p o r t  and p a r t i a l  r e p o r t  p e r f o r m a n c e s  i n c r e a s e  l i n e a r l y  w i t h  t h e  
loga r i thm  o f   t he   s t imu lus   du ra t ion .  The capac i ty   o f   t he   ave rage   s enso ry  
r e g i s t e r  i s  always about  1.5 t o  2 p o s i t i o n s  g r e a t e r  t h a n  t h a t  o f  t h e  STS. 
The s l o p e s  o f  b o t h  a v e r a g e  c u r v e s  i n  F i g .  22 are  about   the  same:   an  addi-  
t i o n a l  0.3 p o s i t i o n  i s  pe rce ived  fo r  eve ry  doub l ing  o f  s t imu lus  du ra t ion .  
Here most of t h e  i n f o r m a t i o n  e n t e r i n g  b o t h  t h e  s e n s o r y  r e g i s t e r  and STS 
i s  conveyed  by t h e  f i r s t  s t i m u l u s  p u l s e ,  and l i t t l e  addi t iona l   in forma-  
t i o n  i s  conveyed  by t h e  l a t e r  p u l s e s .  
Resul ts  f rom similar  experiments  conducted previously are  shown a long  
wi th   the   th ree-subjec t   average   o f   F ig .   22 .  The s q u a r e   d a t a   p o i n t s  ( H i l l  
and B l i s s ,  1 9 6 8 a )  r e p r e s e n t  t h e  r e s u l t s  of f o u r  s u b j e c t s  w i t h  a  100-ms 
s t i m u l u s   d u r a t i o n .  The t r i a n g u l a r   p o i n t s   ( S e c .  111) a r e   t h e   a v e r a g e   s c o r e s  
of  two s u b j e c t s   w i t h   o n e   b r i e f  (1 m s )  s t imu lus   pu l se .   Cons ide r ing   t he   r e l a -  
t i v e  d i f f e r e n c e s  b e t w e e n  i n d i v i d u a l  s u b j e c t s '  o v e r a l l  s c o r e s ,  t h e  d a t a  o f  
a l l  t h r e e  e x p e r i m e n t s  a r e  i n  f a i r  a g r e e m e n t .  The d a t a  o f  t h i s  e x p e r i m e n t  
i nc lude  du ra t ions  used  in  bo th  o f  t hese  o the r  expe r imen t s  and d e s c r i b e  t h e  
c h a r a c t e r  o f  p a t t e r n  p e r c e p t i o n  f o r  i n t e r m e d i a t e  and l o n g e r  d u r a t i o n s  a s  
w e l l .  
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partial  report data points are  given. 
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V EFFECT  OF 
I A .  I n t r o d u c t i o n  
I 
I 
Considerable  
AIRJET FREQUENCY ON TACTILE PATTERN  PERCEPTION 
evidence has  been accumulated that  shows t h a t  t ac t i le  
s e n s i b i l i t y  t o  m e c h a n i c a l  s t i m u l a t i o n  i s  mediated by several  types of  
r ecep to r s  and  two  d i f f e ren t  t a c t i l e  systems. A s u r v e y  o f  t h e s e  d i f f e r -  
en t  sys t ems  and  the i r  f r equency  r e sponse  is d i s c u s s e d  i n  S e c .  X I .  
The h igher  f requency  sys tem has  a peak response a t  about 200 t o  300 Hz, 
w h i l e  t h e  low frequency system peaks a t  about 30 t o  60 Hz. 
Previous experiments  on t a c t i l e  p e r c e p t i o n  i n  t h i s  l a b o r a t o r y  were 
c a r r i e d  o u t  a t  1 5 0  t o  200 Hz. These  f requencies  were chosen  for  mechani- 
c a l  r e a s o n s  a n d  b e c a u s e  t h e  h i g h e r  s e n s i t i v i t y  t o  t h e  h i g h  f r e q u e n c i e s  
makes t h e  s t i m u l u s  a p p e a r  more i n t e n s e .  The a i r j e t s  o p e r a t e d  a t  t h e s e  
f r equenc ie s  were p o s s i b l y  s t i m u l a t i n g  t h e  h i g h  f r e q u e n c y ,  n o t  t h e  h i g h  
r e so lu t ion  sys t em,  and  thus  the  psychophys ica l  r e su l t s  ob ta ined  cou ld  
be  due t o  one t a c t i l e  system  only.   This   experiment  was des igned   t o  
i n v e s t i g a t e  a n y  d i f f e r e n c e s  i n  t h e  p e r c e p t i o n  o f  t a c t i l e  d o t  p a t t e r n s  
i n  a con t ro l l ed  expe r imen t  when t h e  f r e q u e n c y  o f  t h e  a i r j e t  s t i m u l a t o r  
i s  e i t h e r  z e r o  Hz ( a  s i n g l e  0 . 5  s p r e s s u r e  p u l s e  from t h e  a i r j e t s ) ,  
40 Hz, or 100 Hz. 
B. Method 
1. Apparatus 
The a r r a y  o f  t ac t i le  s t i m u l a t o r s  a n d  t h e i r  u s e  i n  t h i s  e x p e r i m e n t  
a r e  a s  d e s c r i b e d  i n  S e c .  111. These   s t imu la to r s  were opera ted   under  
computer   control  as d e s c r i b e d  i n  t h a t  s e c t i o n .  D u r i n g  a g iven   s e s s ion  
e i t h e r  6 or 1 2  o f  t h e  a i r j e t  s t i m u l a t o r s  were tu rned  on  fo r  a per iod of  
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512 m s  by t h e  LINC-8 computer. When on ,  t he  airjets were gated on and 
o f f  a t  one of two f r equenc ie s ,  40 H z  and 100 Hz, or mere l e f t  on for 
the  whole 512 m s  p e r i o d  ( r e f e r r e d  t o  as t h e  z e r o  H z  cond i t ion ) .  The 
d u t y  c y c l e  f o r  t h e  40 H z  and 100 Hz f r equenc ie s  was 50 p e r c e n t ;  t h u s  
the  s t imu la to r s  p roduced  a i r  p re s su re  squa re  waves .  The t a n k  p r e s s u r e  
f o r  t h i s  e x p e r i m e n t  was h ighe r  t han  in  the  p rev ious  tact i le  experiments ,  
be ing  9 l b f / i n  i n s t e a d  of 6 l b f / i n  . 2 2 
2. Sub jec t s  
Three  c o l l e g e  s t u d e n t s  served as p a i d  s u b j e c t s  i n  t h i s  e x p e r i m e n t .  
Subjec t  EB was a male col lege sophomore,  subject  JI a female  co l lege  
freshman,  and  subject MS a male graduate  s tudent .  A l l  t h r e e  of t h e  
subjects had from two t o  t h r e e  m o n t h s '  i n t e r m i t t e n t  p r a c t i c e  o n  s i m i l a r  
v i s u a l  and t ac t i le  experiments.  
3. Procedure 
The program used t o  r u n  t h i s  e x p e r i m e n t  is t h e  same as t h a t  u s e d  
i n  the  who le  r epor t  s e r i e s  desc r ibed  in  Sec .  111. The s t imu lus  t iming  
and r epor t ing  a lphabe t  were e x a c t l y  a s  d e s c r i b e d  i n  t h a t  s e c t i o n  and will 
not   be  repeated  here .  The  two c o n t r o l l e d  v a r i a b l e s  i n  t h i s  experiment 
were the  f requency  wi th  which  the  s t imulus  pa t te rns  were turned on and 
o f f  ( e i t h e r  0 H z ,  40 H z ,  o r  100 H z )  and the number  of s t i m u l a t o r s ,  n , 
s imul taneous ly  activated ( n  = 6 or  12 ) .  
The schedu le  fo r  t he  expe r imen t  is  given i n  Table  X I .  Each  sub- 
ject  was tested o n  s i x  s e s s i o n s ,  e a c h  w i t h  s e p a r a t e  v a l u e s  of f requency 
and  n i n  a balanced 3 X 2 f a c t o r i a l  d e s i g n .  
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Table X I  
VARIABU FFtEQUENCY  TESTING SCHEDULE 
Session -5 - -3 - -1- 
n 6 12 6 
Frequency 40 Hz 100 Hz 100 Hz 
> 
Sess ion  -6- -4 - -2- 
n 1 2  6 12 
Frequency 340 Hz 340 Hz 40 Hz 
C. Resul t s  
The number o f  pos i t i ons  co r rec t ly  r epor t ed  i n  each of the s i x  
se s s ions  was cor rec ted  for  guess ing  with Model I1 described by H i l l  and 
B l i s s  (1968a). The r e s u l t i n g  number of  pos i t ions  perce ived  is given 
i n  F i g .  23. The f i g u r e  shows t h a t  t h e r e  are r e l a t i v e l y  minor  changes 
i n  performance a t  a given  value  of  n wi th   d i f f e ren t   f r equenc ie s .  N o  
f u r t h e r  a n a l y s i s  was carried out,  because average changes in performance 
f o r  t h e  t h r e e  s u b j e c t s ,  t o  b e  s i g n i f i c a n t ,  must be a t  least 0.5 p o s i t i o n  
for n = 6 and 1.0 p o s i t i o n  f o r  n = 12. No changes  of  these  magnitudes 
are observed. 
One conclusion that  can be drawn from these resul ts  is that  t h e  
in fo rma t ion  o f  t he  pa t t e rns  is e n t i r e l y  conveyed by the d c  por t ions  of  
t h e  a i r  p r e s s u r e  s t i m u l i .  I n  t h i s  case, only  the  very  low frequency 
system of t ac t i le  neurons  responding  to  s tep  indenta t ions  of  t h e  s k i n  
(hlountcastle,  e t  a l . ,  1967) may be  respons ib le  for  the  pa t te rn  per -  
cept ion measured in  the experiment .  Another  possibi l i ty  is tha t  a l l  
t h ree  s t imu lus  f r equenc ie s  used  in  the experiment had enough energy t o  
s t imu la t e  the  h igh  r e so lu t ion  t ac t i le  system ("dermal ridge receptors," 
hlountcastle,  e t  a l . ,  1967). I n  t h i s  case, the   h igh   r e so lu t ion   sys t em 
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could  be  conveying  the  information.  Still  another  explanation  is  that 
the  transients  in  the  stimuli  could  be  briefly  stimulating  any or ll
three of the  systems. 
Similar  negative  results  were  obtained by Gilson (1968) in an 
experiment  measuring  the  abilities of subjects  to  discriminate  between 
pairs of tactile  patterns  at  three  frequencies, 60, 300, and 500 Hz. 
He found  no  significant  differences  in  his  comparison  measure.  (The 
200 ms vibratory  stimuli  used  in  his  experiments  could  also be 
transiently  stimulating  any  or  all  three  of  the  tactile  systems.) 
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I. 
11.1 1111 
V I .  PRELIMINARY  EXPERIMENT FOR COMPARING VISUAL 
AND TACTILE  PATTERN  PERCEPTION 
A .  I n t r o d u c t i o n  
An impor t an t  a spec t  of our t a c t i l e  e x p e r i m e n t s  h a s  b e e n  t h e i r  rela- 
t i o n  t o  somewhat analogous visual experiments performed by o t h e r  i n v e s -  
t i g a t o r s .  However, the  visual   experiments   have  pr imari ly   been  performed 
w i t h  s t i m u l u s  p a t t e r n s  c o n s i s t i n g  of a r r a y s  of a l p h a b e t i c  l e t te rs ,  wh i l e  
i n  our t a c t i l e  e x p e r i m e n t s ,  w e  have used point s t i m u l i  a t  l o c a t i o n s  w i t h  
a l p h a b e t i c   l a b e l s .  To e s t a b l i s h  t h e  r e l a t i o n  between t h e  v i s u a l  and 
t a c t i l e  e x p e r i m e n t s  more f i r m l y ,  i t  was impor tan t  to  per form a v i s u a l  
e x p e r i m e n t  a s  s i m i l a r  a s  p o s s i b l e  t o  our t a c t i l e  e x p e r i m e n t s .  
The experiment described below i s  a p re l imina ry  expe r imen t  t o  de t e r -  
mine  s t imu lus  cond i t ions  mos t  appropr i a t e  fo r  t he  t ac t i l e -v i sua l  compar i son .  
Some s u r p r i s i n g  r e s u l t s  were found  tha t  l ed  to  the  fu r the r  expe r imen t s  de -  
s c r i b e d  i n  S e c .  V I 1  . 
B . Method 
1. Apparatus 
The a r r a y  of l i g h t s  u s e d  i n  the experiment  was p a r t  of a 12  X 12 a r r a y  
of NE-2H neon  lamps  mounted on 7/16 i n c h  c e n t e r s .  T h i s  a r r a y  i s  d r i v e n  by 
t h e  same L I N C - 8  i n t e r f a c e  as were t h e  a i r j e t  a r r a y s  u s e d  i n  t h e  p r e v i o u s  
experiments.  A 3 X 9 r e c t a n g u l a r  a r r a y  of  lamps was v i s i b l e  t o  t h e  sub- 
j ec t s  through a cardboard mask. Th i s  wh i t e  mask d i v i d e d  t h e  a r r a y  i n t o  
two 3 X 4 f i e l d s  o n  a black background, separated by a 3 X 1 f i e l d  on a 
white  background. The f r c n t  view  of t h e  l i g h t  box as seen by t h e  s u b j e c t s  
is shown i n  F i g .  24. The bu lbs  i n  t h e  two 3 x 4 f i e l d s  were l a b e l e d  w i t h  
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FIG. 24 FRONT VIEW OF LIGHT BOX USED IN THE EXPERIMENT. The middle  column  contains 
the  marker lamps. 
t h e  same a lphanumer ic  r epor t ing  a lphabe t  u sed  in  the  t a c t i l e  pe rcep t ion  
e x p e r i m e n t s  d e s c r i b e d  i n  S e c .  111. 
Four phys i ca l  pa rame te r s  were v a r i e d  i n  b o t h  t h e  w h o l e  and p a r t i a l  
r epor t   pa t t e rn   pe rcep t ion   expe r imen t s .   These  were background  br ightness ,  
lamp b r i g h t n e s s ,   d i s p l a y   a n g l e ,   a n d   s t i m u l u s   d u r a t i o n .  The br ightness   o f  
t he  wh i t e  ca rdboa rd  mask w a s  e i t h e r  46 f L  or 0.08 fL .  These  cond i t ions ,  
r e f e r r e d  t o  as “room b r i g h t ”  or “room d a r k ”  i n  t h e  e x p e r i m e n t a l  d e s i g n ,  
were obta ined  by  turn ing  on or of f  t he  f luo rescen t  l amps  in  the  expe r imen t  
room. The br ightness   of   the   neon  lamps was e i t h e r  700 f L  or 40 f L ,  and 
was o b t a i n e d  b y  p a s s i n g  e i t h e r  6 mA or 0 , 8  mA through  the  lamps.  The 
24 neon  lamps  used i n  t h e  e x p e r i m e n t  were s e l e c t e d  from a larger  group 
f o r  f a s t  f i r i n g  c h a r a c t e r i s t i c s .  A l l  l a m p s  f i r e d  w i t h i n  0 . 1  ms of   t he  
s t r ik ing   vo l t age   onse t .   The   fou r   d i sp l ay   ang le s   u sed   i n   t he   expe r imen t  
r e f e r  t o  t h e  a n g u l a r  w i d t h  o f  t h e  d i s p l a y  as viewed  by t h e  s u b j e c t .  The 
a n g l e s ,  2’ , 4’ , 8’ , and 16’ , were ob ta ined  by p l a c i n g  t h e  same d i s p l a y  
114“, 57” , 29”, or 14” from t h e   s u b j e c t s   e y e s .  
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To o b t a i n  t h e  f o u r  s t i m u l u s  d u r a t i o n s ,  the cont ro l  computer  ga ted  
on the lamp d r i v e r s  for 1, 8, 64, or 512 ms. The  lamp d r i v e r s ,  s y n c h r o -  
n i z e d  w i t h  t h e  o n s e t  of the computer  gate ,  f i r e d  t h e  lamps a t  a 340 Hz 
ra te  w i t h  1 .0  m s  p u l s e s .  T h e  r e s u l t a n t  number of l i g h t  p u l s e s  p r o d u c e d  
by t h e  1, 8 ,  64, and  512 ms gates were 1, 3, 22,  and 174, r e s p e c t i v e l y .  
The 340 Hz f requency  i s  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  v i s u a l  f l i c k e r  f u s i o n  
r a t e ,  and ,when on ,  the  s t imulus  pa t te rns  appeared  as s t e a d y  i l l u m i n a t i o n .  
2. S u b j e c t s  
Three college s t u d e n t s   s e r v e d  as p a i d   s u b j e c t s .   S u b j e c t  EB was a 
male college sophomore,   subject JI a female col lege freshman,  and MS a 
male g r a d u a t e   s t u d e n t .   S u b j e c t s  JI and MS had  no  previous  experience on 
exper iments  of t h i s  n a t u r e ,  b u t  s u b j e c t  EB had two mon ths ’  i n t e rmi t t en t  
p r a c t i c e  on similar t a c t i l e  pe rcep t ion  expe r imen t s .  
3. Procedure  
E a c h  s u b j e c t  p a r t i c i p a t e d  i n  t h e  e x p e r i m e n t s  f o r  a p p r o x i m a t e l y  a 
one-hour   per iod  each  day.   During  this   per iod  he w a s  paced  through  the 
n e x t  p a r t  of h i s  s e q u e n t i a l  tes t  s c h e d u l e .   S i n c e   t h e   s e s s i o n s  of t h e  
tes t  schedule  var ied  f rom 10 t o  1 5  minutes  each,  and a 5 t o  10 minute 
rest pe r iod  was al lowed between sessions,  a v a r i a b l e  number ( f rom 3 t o  4 )  
o f  s e s s ions  were completed each day. 
The  whole  and p a r t i a l  r e p o r t  t e s t i n g  s c h e d u l e s  u s e d  are shown i n  
Tab les  XI1 and XIII. Both  schedules  are a random 4 X 4 Greco-Latin square 
design and allow t h e  e f f e c t s  of f o u r  v a r i a b l e s  t o  be independently meas- 
ured.  In each   des ign ,   s t imu lus   du ra t ion  i s  o n e   v a r i a b l e ,   d i s p l a y   a n g l e  
i s  a n o t h e r ,  and t h e  t w o  va r i ab le s ,  background  b r igh tness  and  lamp b r i g h t -  
n e s s ,  are confounded t o  make t h e  t h i r d .  The   whole   repor t   des ign   uses  
f o u r  v a l u e s  of n ( n  = 4, 6, 8 ,  and 10) as t h e  f o u r t h  v a r i a b l e .  The 
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Table  XI1 
DESIGN OF WHOLE  REPORT  PRELIMINARY  EXPERIMENT 
I 
Sess ion  
Lamps-room 
n-p resen ta t ions  
Disp lay  angle  
S t i m u l u s  d u r a t i o n  
. - 
Sess ion  
Lamps-room 
n-p resen ta t ions  
Disp lay  angle  
S t i m u l u s  d u r a t i o n  
Sess ion  
Lamps-room 
n-p resen ta t ions  
Disp lay  angle  
S t i m u l u s  d u r a t i o n  
Sess ion  
Lamps-room 
n-p resen ta t ions  
Disp lay  angle  
S t i m u l u s  d u r a t i o n  
-1- 
D -B 
6-24 
4O 
8 
- 5- 
D -B 
6-24 
16O 
64 
-9- 
B-B 
10-36 
4O 
1 
-13- 
D -D 
6-24 
2 O  
1 
-2- 
B -B 
6-24 
8 O  
512 
_____ 
-6- 
B -D 
10-36 
2O 
8 
-10- 
D -B 
10-36 
8 O  
64 
-14- 
D  -D 
10-36 
16O 
512 
.-3- 
D -B 
8-24 
16O 
1 
~- 
-7- 
D -D 
8-24 
8' 
8 
-11- 
B -D 
8 -36 
4O 
51% 
-15- 
B -B 
4-24 
16' 
8 
-4- 
B -D 
4-24 
8' 
1 
-8- 
B -B 
8-24 
2O 
64 
-12- 
D -D 
4 -36 
4O 
64 
-16- 
D -B 
4-24 
2O 
512 
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Table  X I 1 1  
DESIGN OF THE PARTIAL  REPORT  PRELIMINARY  EXPERIIbENT 
S e s s i o n  
Lamps-room 
Disp lay  ang le  
S t i m u l u s  d u r a t i o n  
" " 
S e s s i o n  
Lamps-room 
Disp lay  angle  
S t i m u l u s  d u r a t i o n  
S e s s i o n  
Lamps-room 
Disp lay  angle  
S t i m u l u s  d u r a t i o n  
S e s s i o n  
Lamps-room 
Disp lay  angle  
S t i m u l u s  d u r a t i o n  
-1 - 
B -D 
8' 
1 
-5- 
B-B 
2 O  
512 
-9 - 
B-B 
2 O  
64 
-13- 
B -B 
4 O  
1 
- 
-2- 
B-B 
16O 
8 
-6- 
B -D 
4O 
64 
-10- 
B -D 
4 O  
512 
-14- 
B -D 
2O 
8 
-3 - 
D -D 
4O 
64 
-7- 
D -B 
8 O  
8 
-11- 
D -D 
8 O  
8 
-15- 
D -D 
16' 
512 
-4- 
D -B 
2O 
512 
-8 - 
D -D 
16O 
1 
-12- 
D -B 
1 6 O  
1 
-16- 
D-B 
8 O  
64 
p a r t i a l  r e p o r t  d e s i g n  uses f o u r  r e p e t i t i o n s  of the  exper iment  ( to  measure  
l e a r n i n g )   a s   t h e   f o u r t h   v a r i a b l e .   I n   a d d i t i o n ,   s i n c e   p a r t i a l   r e p o r t   p e r -  
formance i s  measured i n  terms of the  accuracy  of  each  repor t  on each of 
t h e  t h r e e  p o s s i b l e  r o w s ,  t h e r e  a r e  two a d d i t i o n a l  e x t r i n s i c  f a c t o r i a l  
v a r i a b l e s  i n  t h i s  d e s i g n .  B o t h . w h o l e  and p a r t i a l  r e p o r t  d e s i g n s  h a v e  
t h r e e   s u b j e c t s  as t h e i r   f i n a l   ( r a n d o m )   v a r i a b l e .   I n   t h e   w h o l e   r e p o r t   e x -  
per iment ,  performance as a f u n c t i o n  o f  s i x  v a r i a b l e s  i s  i n v e s t i g a t e d ;  i n  
t h e  p a r t i a l  r e p o r t  e x p e r i m e n t ,  e i g h t  v a r i a b l e s  are cons ide red .  
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For w h o l e  r e p o r t  t e s t i n g ,  t h e  number of p r e s e n t a t i o n s  a t  each  se s s ion  
was chosen t o  allow t h e  v a r i a n c e  of t h e  m e a n  number of p o s i t i o n s  p e r c e i v e d  
t o  b e  less than  or e q u a l  t o  a c o n s t a n t  (0 5 0.61), u n d e r  t h e  c o n s t r a i n t  t h a t  
t h e  d u r a t i o n  of the  exper iment  be  one  week. F o r  p a r t i a l  r e p o r t  t e s t i n g  
w i t h  n = 1 2 ,  66 p r e s e n t a t i o n s  for each  sess ion  were chosen  to  a l low the  
v a r i a n c e  of t h e  number o f  p o s i t i o n s  a v a i l a b l e  t o  be a c o n s t a n t  (0 = 1.10) , 
u n d e r  t h e  c o n s t r a i n t  t h a t  t h e  d u r a t i o n  of the  exper iment  be one  week. 
During each session an equal number of p r e s e n t a t i o n s  were made a t   a l l  
lamp l o c a t i o n s .  
In  a l l  p o r t i o n s  of t h e  e x p e r i m e n t ,  t h e  s u b j e c t s  were asked t o  f i x a t e  
on t h e  c e n t e r  lamp of the  marker  column. On any  one t r i a l ,  n lamps were 
chosen   (by   the   computer )   ou t  of t h e  24 poss ib le   l amps .   In  any one   sess ion  
the  number of l amps  s imul t aneous ly  l i gh ted ,  n ,  was c o n s t a n t  and known by 
the s u b j e c t s .  A l l  of the o t h e r  e x p e r i m e n t a l  v a r i a b l e s  were c o n s t a n t  d u r -  
i n g  a s e s s i o n ,  and a l l  of t h e  o t h e r  v a r i a b l e s  e x c e p t  d u r a t i o n  were known 
by t h e  s u b j e c t s .  
In  the  whole  repor t  exper iment ,  the s u b j e c t s  were asked t o  r e p o r t  
a l l  t h e  s t i m u l a t e d  p o s i t i o n s  row by row, from l e f t  t o  r i g h t .  The r e p o r t -  
i n g  scheme  and t iming  of  s t imulus  presenta t ions  are e x a c t l y  t h e  same a s  
t h e  t r a i n i n g  series d e s c r i b e d  i n  S e c .  111. 
I n  t h e  p a r t i a l  r e p o r t  e x p e r i m e n t ,  t h e  s u b j e c t s  were informed by  a
visual  marker ,  beginning immediately upon t e r m i n a t i o n  of t h e  s t i m u l u s ,  
of which row t o  r e p o r t .  A g a i n ,  t h e  c o m p l e t e  d e s c r i p t i o n  of the   s t imu lus -  
marker  timing and t h e  s u b j e c t s ’  r e p o r t i n g  scheme i s  t h e  same a s  t h e  p a r -  
t i a l  r e p o r t  series d e s c r i b e d  i n  sec. 111. 
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C. Whole R e D o r t  R e s u l t s  
The  number of p o s i t i o n s  c o r r e c t l y  r e p o r t e d  by t h e  s u b j e c t s  a t  each 
s e s s i o n  was c o r r e c t e d  for guess ing  by Model I1 descr ibed  by  H i l l  and B l i s s  
( 1 9 6 8 a )  t o  o b t a i n  t h e  number o f  pos i t i ons  pe rce ived .  The  number  of  posi- 
t i o n s  p e r c e i v e d  was s u b j e c t e d  t o  a n a l y s i s  o f  v a r i a n c e  t o  de te rmine  the  
s i g n i f i c a n t  effects  of t h e  f i v e  c o n t r o l l e d  v a r i a b l e s .  The a n a l y s i s  of 
v a r i a n c e  summary i s  g i v e n  i n  T a b l e  X I V .  The table shows t h a t  d i s p l a y  a n g l e ,  
d u r a t i o n ,  and n s i g n i f i c a n t l y  i n f l u e n c e d  t h e  s u b j e c t s '  scores, w h i l e  n e i t h e r  
lamp b r i g h t n e s s ,  n o r  b a c k g r o u n d  b r i g h t n e s s ,  n o r  t h e i r  i n t e r a c t i o n  i n f l u e n c e d  
t h e  s c o r e s .  
Visual whole report  performance as a func t ion  o f  n is  shown i n  F i g .  2 5 .  
The c u r v e s  a r e  somewhat s t e e p e r  and t h e  o v e r a l l  v a l u e s  somewhat higher  than 
t h e  e q u i v a l e n t  t a c t i l e  r e s u l t s  of  the  same t h r e e  s u b j e c t s ,  shown previous ly  
i n   F i g .   1 5 .  The s h a p e   o f   t h e   r e s u l t s   c l o s e l y   r e s e m b l e s   t h e   r e s u l t s   f r o m  
t a c t i l e  d o t  p a t t e r n  p e r c e p t i o n  r e p o r t e d  i n  p r e v i o u s  e x p e r i m e n t s  ( B l i s s ,  
Crane,  Mansfield,  and  Townsend,  1966; and H i l l  and Bl iss ,  1968a).  The re- 
s u l t s  are in  d i sag reemen t  wi th  many l e t t e r  pe rcep t ion  expe r imen t s  r epor t ed  
i n  t h e  l i t e r a t u r e  ( S p e r l i n g ,  1 9 6 0 ;  and 1963;   Averbach  and  Coriel l ,   1961;  
Estes and  Taylor ,   1564;  and o t h e r s ) .  With v i s u a l   a r r a y s  of l e t t e r s ,  t h e s e  
a u t h o r s  f o u n d  t h a t  t h e  number  of l e t te rs  p e r c e i v e d  l e v e l e d  o f f  a t  a con- 
s t a n t  number a s  t h e  number of l e t t e r s  presented  w a s  i n c r e a s e d  p a s t  4 or 6 .  
T h e  p r e v i o u s l y  r e p o r t e d  r e s u l t s  l e a d  t o  t h e  c o n c e p t  of a f ixed-capac i ty  
shor t - te rm store informat ion  process ing  model t o  e x p l a i n  v i s u a l  p e r c e p t i o n .  
The r e s u l t s  of t h i s  v i s u a l  p e r c e p t i o n  e x p e r i m e n t  u s i n g  d o t  p a t t e r n s "  
i n s t e a d  of l e t t e r s - - i n d i c a t e  t h a t  t h e  p r e v i o u s l y  a c c e p t e d  i n f o r m a t i o n  
processing model i s  n o t  as g e n e r a l  as w a s  supposed and indeed does not 
e x p l a i n  t h i s  upward s l o p i n g  d o t  p a t t e r n  c u r v e .  
Change i n  p e r f o r m a n c e  r e l a t e d  t o  s t i m u l u s  d u r a t i o n  i s  g i v e n  i n  
F i g .  26. Only t h e  l i n e a r  i n c r e a s e  w i t h  d u r a t i o n  i s  s i g n i f i c a n t  ( p  < 0.005). 
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Table  X I V  
SUMMARY OF ANALYSIS OF VARIANCE OF THE NUMBER OF POSITIONS 
PERCEIVED I N  THE  VISUAL WHOLE REPORT 
" 
Source 
-~ 
S u b j e c t s  
Display Angle ( A )  
Linea r  
Quadra t i c  
Cubic 
S u b j e c t s  X A 
Dura t ion  (D) 
L inea r  
Remainder 
S u b j e c t s  X D 
n 
L inea r  
Remainder 
S u b j e c t s  X n 
Lamp Br igh tness  (LB) 
S u b j e c t s  x LB 
Background  Brightness (BB 
S u b j e c t s  X BB 
LB X BB 
S u b j e c t s  X LB X BB 
-~ 
df 
~ 
2 
3 
1 
1 
1 
6 
3 
1 
2 
6 
3 
1 
2 
6 
1 
2 
1 
2 
1 
2 
- 
. "-? - c 
~ ~~~ ~ Mean Square 
". 
2.412 
14.920 
6.020 
.214 
.233 
5.346 
.005 
.169 
24.716 
.550 
1.102 
-388 
.318 
2.813 
.409 
.9 52 
.387 
-~ " . 
F 
. - i - ~  
64.1 
25.9 
" 
31.6 
" 
22.4 
" 
1.22 
6.87 
2 -46 
. . -._ ~ 
Sign 
. ." " 
p < 0.00 
p < 0.00 
p < 0.00 
p < 0.00 
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However, t h e  to ta l  change i s  small, being about  25-30 p e r c e n t  f o r  an in- 
crease i n  s t i m u l u s  d u r a t i o n  of 500 t o  1. T h i s  r e s u l t  i s  similar t o  t h e  
t a c t i l e  resu l t ,  where  per formance  is  p r o p o r t i o n a l  t o  the  loga r i thm of t h e  
s t i m u l u s  d u r a t i o n .  
Whole r e p o r t  p e r f o r m a n c e  r e l a t e d  t o  d i s p l a y  a n g l e  i s  g i v e n  i n  F i g .  27 .  
Here b o t h  t h e  l i n e a r  ( p  < 0.001) and q u a d r a t i c  ( p  < 0.005) terms are s i g -  
n i f i c a n t .  The r e s u l t s  i n d i c a t e  t h a t  t h e  c l o s e r  t h e  d i s p l a y  is  t o  the  sub-  
j e c t s  (or e q u i v a l e n t l y ,  t h e  f a r t h e r  s e p a r a t e d  t h e  s t i m u l u s  p o i n t s  on t h e  
r e t i n a ) ,   t h e   b e t t e r   t h e   a c c u r a c y .   P e r f o r m a n c e   o v e r   t h e  smallest t h r e e  
a n g l e s  i s  f a i r l y  c o n s t a n t ,  b e i n g  a b o u t  3.5 p o s i t i o n s   p e r c e i v e d .  The equiv- 
a l e n t  w h o l e  r e p o r t  t a c t i l e  p e r f o r m a n c e  l e v e l  f o r  t h e  same t h r e e  s u b j e c t s  
o v e r  t h e  same ranges of s t i m u l u s  d u r a t i o n  and t h e  same range of n i s  2 .8  po- 
s i t i o n s  p e r c e i v e d .  T h u s ,  t h e  v i s u a l  r e s u l t s  w i t h  2 and 4 d e g r e e  d i s p l a y  
a n g l e s  are o n l y  s l i g h t l y  h i g h e r  t h a n  t h e  t a c t i l e  r e s u l t s .  
The i n f l u e n c e  of  both room and  lamp b r i g h t n e s s  i s  shown in  F ig .  28 .  
N e i t h e r  of t h e s e  two v a r i a b l e s  n o r  t h e i r  i n t e r a c t i o n  s i g n i f i c a n t l y  a f f e c t e d  
t h e  r e s u l t s .  From F ig .  28 i t  a p p e a r s   t h a t  a 2 0 - f o l d   i n c r e a s e   i n  lamp b r i g h t -  
n e s s  may cause  a small inc rease  in  pe r fo rmance ,  and a 500-fo ld  decrease  in  
background i l lumina t ion  may cause  a small ( 1 2  p e r c e n t )  i n c r e a s e  i n  p e r f o r m -  
ance.   Both of t h e s e  b r i g h t n e s s  e f f e c t s  on  performance  are   very  small ,  and 
i t  a p p e a r s  t h a t  c h a r a c t e r i s t i c s  of the visual  span of  immediate  memory a r e  
ve ry  independen t  o f  ove ra l l  b r igh tness  and  con t r a s t .  
D .  P a r t i a l   R e p o r t   R e s u l t s  
The  number of p o s i t i o n s  a v a i l a b l e  on each row for each  subjec t  and  
each  se s s ion  was de te rmined  f rom the  number of p o s i t i o n s  c o r r e c t l y  re- 
po r t ed   u s ing  Model I1 d e s c r i b e d  by H i l l  and B l i s s  (1968a) .  The  number 
of p o s i t i o n s  a v a i l a b l e  w a s  g iven  an  ana lys i s  of v a r i a n c e  t o  d e t e r m i n e  t h e  
e x t e n t  t o  w h i c h  t h e  s i x  e x p e r i m e n t a l  v a r i a b l e s  i n f l u e n c e d  t h e  r e s u l t s .  
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Table  XV 
SUMMARY OF ANALYSIS OF VARIANCE OF THE NUMBER OF POSITIONS 
AVAILABLE I N  THE PARTIAL  REPORT 
Source 
S u b j e c t s  
Display  Angle (A) 
S u b j e c t s  X A 
Dura t ion  (D)  
- " 
... 
Linea r  
Remainder 
S u b j e c t s  x D 
Learning  (L) 
L inea r  
Remainder 
S u b j e c t s  x L 
Lamp Br igh tness  (LB) 
S u b j e c t s  x EB 
Background Brightness(BB 
S u b j e c t s  X BB 
LB X BB 
S u b j e c t s  X LB X BB 
Report  Row (R) 
L inea r  
Quadra t i c  
Sub jec t  x R 
T f  ~- 
2 
3 
6 
3 
1 
2 
6 
3 
1 
2 
6 
1 
2 
1 
2 
1 
2 
2 
1 
1 
4 
~ 
Mean Square 
4.38 
" 
-~ . _  
1.510 
1.713 
113,175 
7.030 
1.509 
3.185 
.843 
1.778 
2.249 
.202 
11.030 
2.336 
5.747 
.83 1 
.439 
2.477 
.441 "_ . . ." .- 
-~ . ." . 
F -~ 
" 
75.3 
4.66 
2.79 
" 
11.2 
4.74 
6.92 
" 
5.61 
F 
, 
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The ana lys i s  summar ized  in  Table  XV shows t h a t  of a l l  t h e  v a r i a b l e s ,  t h e r e  
i s  only  ev idence  t o  show t h a t  o n e  ( s t i m u l u s  d u r a t i o n )  i s  i n f l u e n t i a l .  
The e f f e c t  of s t i m u l u s  d u r a t i o n  o n  p a r t i a l  r e p o r t  a c c u r a c y  i s  shown 
i n  F i g .  29. The  number of p o s i t i o n s  a v a i l a b l e  i n c r e a s e s  s t r o n g l y  w i t h  
s t i m u l u s  d u r a t i o n ,  b e i n g  more than  twice as large with 512 ms d u r a t i o n  
as w i t h  1 m s .  T h i s  is  a larger i n c r e a s e  t h a n  o b s e r v e d  e i t h e r  i n  t h e  tac- 
t i l e  or w h o l e  r e p o r t  v i s u a l  e x p e r i m e n t s .  W i t h  t h e  t h r e e  b r i e f e s t  d u r a -  
t i o n s  (1, 8 ,  and 64 m s )  t h e r e  is  i n s u f f i c i e n t  t i m e  f o r  t h e  e y e  t o  re f ixa te  
o n  t h e  p a t t e r n ,  and these  changes  in  du ra t ion  shou ld  be e q u i v a l e n t  t o  
b r igh tness   change   t ha t   shou ld   have  l i t t l e  effect .  With t h e  l o n g e s t  d u r a -  
t i o n  ( 5 1 2  m s )  t h e r e  i s  time f o r  t h e  e y e  t o  f i x a t e  on more than  one  po r t ion  
of t h e   p a t t e r n ,   p o s s i b l y   e n h a n c i n g   p e r f o r m a n c e   i n   t h i s   c a s e .  However, why 
t h e  v i s u a l  p a r t i a l  r e p o r t  i n c r e a s e s  so much w i t h  t h e  512 m s  exposure,  and 
t h e  w h o l e  r e p o r t  w i t h  t h e  same long  exposure  does  not ,  remains  unexpla ined .  
The e f f e c t  o f  d i s p l a y  a n g l e  o n  p a r t i a l  r e p o r t  p e r f o r m a n c e  i s  shown 
i n  F i g .  30. A l t h o u g h   t h i s   v a r i a b l e  does n o t  s i g n i f i c a n t l y  a f f e c t  t h e  re- 
s u l t s ,  i t  a p p e a r s   t h a t   t h e r e   m i g h t   b e   i n d i v i d u a l   d i f f e r e n c e s .   S u b j e c t  E B ' s  
and JI's performances are c o n s t a n t  w i t h  d i s p l a y  a n g l e ,  w h i l e  s u b j e c t  MS's 
performance drops 30 p e r c e n t  w i t h  t h e  8 t o  1 i n c r e a s e  i n  d i s p l a y  a n g l e .  
The  change i n  performance as a f u n c t i o n  of t i m e  i n  t h e  p a r t i a l  r e p o r t  
experiment i s  shown i n  F i g .  31. Though the   change  was n o t  s i g n i f i c a n t ,  
t h e  scores of a l l  t h r e e  s u b j e c t s  i n c r e a s e d  2 0  p e r c e n t  o v e r  t h e  week of 
t e s t i n g .  I t  a p p e a r s   t h a t   l e a r n i n g   o n   t h e   v i s u a l   p e r c e p t i o n   e x p e r i m e n t  
may n o t  b e  as grea t  as t h a t  on t a c t i l e  perception  experiments.   However,  
t h i s  o n e  test  cannot   be   cons idered   conclus ive .  If t h e  same slow l e a r n i n g  
p r o c e s s  i s  obse rved  on  the  v i sua l  as w e l l  as t h e  t a c t i l e  exper iments ,  then  
w e  must  assume t h a t  l e a r n i n g  is  a v e r y  c e n t r a l  a s s o c i a t i o n  p r o c e s s .  I f ,  
on t h e  o t h e r  h a n d ,  t h e  l e a r n i n g  i s  o n l y  a s s o c i a t e d  w i t h  t h e  t a c t i l e  ex- 
pe r imen t ,  t hen  w e  must assume that i t  is  a parameter  of t h e  r e l a t i v e l y  
unused t a c t i l e  system. 
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The e f f e c t s  of bo th  lamp and background brightness are given i n  
F ig .  32. Nei the r  of t h e s e  two v a r i a b l e s  shows  enough  change t o  b e  statis-  
t i c a l l y  s i g n i f i c a n t .  A 20- fo ld   i nc rease   i n  lamp b r i g h t n e s s   c a u s e s  a 
s l igh t  decrease  in  per formance ,  whi le  the  500-fo ld  change  i n  background 
b r i g h t n e s s  c a u s e s  a 25  percent  decrease  in  per formance .  
The change in  per formance  over  the  three  repor t ing  rows  i s  shown i n  
F ig .  33. Here the   r epor t s   f rom  the   midd le  row are t h e  most   accura te ,  and 
t h e   t o p  and  bottom  rows  the l eas t .  T h i s   f i n d i n g ,   t h o u g h   n o t   s i g n i f i c a n t ,  
i s  probably a consequence  o f  a sk ing  the  sub jec t s  t o  f ixa t e  on t h e  c e n t e r  
row of t h e   d i s p l a y .   T h i s   g r e a t e r   m i d d l e  row accuracy ,  common t o  a l l  t h r e e  
s u b j e c t s ,  i s  t h e  o p p o s i t e  of t h e i r  t a c t i l e  p a r t i a l  r e p o r t  d a t a ,  i n  which 
a l l  t h r e e  of them  had  lower  accuracy on the  middle  row. When more v i s u a l  
d o t  p a t t e r n  data  i s  ava i lab le ,  models  such  as  the  s t imulus  spreading  model 
and  masking  model  can  be t e s t e d  a g a i n s t  t h e  v i s u a l  d a t a  t o  b e t t e r  u n d e r -  
s t and  the  unde r ly ing  mechanisms  and t o  compare  them  with t a c t i l e  mechanisms. 
E. Discuss ion  
The ave rage  d i sp lay  ang le  sco res  of a l l  t h r e e  s u b j e c t s  i n  b o t h  t h e  
v i sua l  who le  and  pa r t i a l  r epor t  exp lo ra to ry  expe r imen t s  a re  shown i n  F i g .  34 
for comparison. The sco res   r ep resen t   ave rages   ove r   t h ree   va r i ab le s  (stim- 
u l u s   d u r a t i o n ,  lamp b r i g h t n e s s ,  and  background b r i g h t n e s s ) .   I n   a d d i t i o n ,  
t h e  w h o l e  r e p o r t  s c o r e s  are averaged  over n ( n  = 4 ,  6 ,  8 ,  and 1 0 ) .  The 
f i g u r e  shows tha t  the  whole  repor t  per formance  of t h e  s u b j e c t s  i n c r e a s e s  
w i t h  d i s p l a y  a n g l e ,  w h i l e  t h e  p a r t i a l  r e p o r t  p e r f o r m a n c e  d o e s  n o t .  T h i s  
f i r s t  f ind ing   con t r ad ic t s   t he   expec ted   ou tcome  of the  experiment.   With 
t h e  2" d i s p l a y  a n g l e  t h e  e n t i r e  d i s p l a y  i s  p resen ted  on t h e  f o v e a  of t h e  
r e t i n a  w h i l e  i n  t h e  16" case, a t  most a couple  of  the  center  lamps  a re  
p re sen ted  on t h e  f o v e a  and t h e  rest are presented  on the  lower  r e so lu t ion  
pe r iphe ry  of t h e  r e t i n a .  From t h e  p o i n t  of  view  of s p a t i a l  r e s o l u t i o n ,  
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t h e  p r e s e n t a t i o n  o n  t h e  f o v e a  would b e  e x p e c t e d  t o  y i e l d  h i g h e r  r e p o r t -  
i ng  accu racy  than  tha t  on  the  pe r iphe ry ,  for both  whole  and  par t ia l  
r e p o r t .  
The t o t a l  c h a n g e  i n  p e r f o r m a n c e  w i t h  d i s p l a y  a n g l e  was r e l a t i v e l y  
small ,  however,   being  only 1 . 5  p o s i t i o n s  (or 40 p e r c e n t )  a t  most and 
r e s u l t i n g  from a r e l a t i v e l y  l a r g e  c h a n g e  o f  e i g h t  t o  one i n  d i s p l a y  
a n g l e .   T h i s   r e l a t i v e   i n d e p e n d e n c e   s u g g e s t s  a c e n t r a l   l i m i t a t i o n   o n   t h e  
informat ion   process ing  model r a t h e r   t h a n  a p e r i p h e r a l  (or r e t i n a l )  o n e .  
I n  o t h e r  w o r d s ,  t h e  r e s o l u t i o n  o n  t h e  r e t i n a  i s  e v i d e n t l y  great enough 
t o  p a s s  o n  t h e  i n f o r m a t i o n  f o r  a l l  va lues  of  d i sp lay  angle ,  and  the  
cen t r a l  dec i s ion  mak ing  p rocess  tha t  dec ides  wh ich  l amps  in  the  spa t i a l  
a r r a y  were on i s  t h e   l i m i t i n g   f a c t o r .   T h e s e  r e s u l t s  s u g g e s t   t h a t ,   s i n c e  
the  smal les t  change  in  per formance  wi th  d isp lay  angle  occurs  a t  t he  sma l l  
a n g l e s ,  t h e  2' d i s p l a y  ( o r  f o v e a l  d i s p l a y )  s h o u l d  b e  u s e d  i n  f u t u r e  
exper iments .   This   smal l   d i sp lay   has   the   added   advantage   tha t   he  r e s u l t s  
o f  t hese  do t  pa t t e rn  expe r imen t s  may be compared with the body o f  v i s u a l  
d a t a  i n  t h e  l i t e r a t u r e ,  which was l a r g e l y  c o l l e c t e d  u s i n g  2' t o  3' fovea l  
d i s p l a y s .  
The average whole and p a r t i a l  r e p o r t  s c o r e s  i n  r e l a t i o n  t o  s t i m u l u s  
d u r a t i o n  f o r  t h e  t h r e e  s u b j e c t s  p a r t i c i p a t i n g  i n  t h e  e x p e r i m e n t  are  shown 
i n  F i g .  35. These   s co res   a r e   ave raged   ove r   t he   o the r   t h ree   expe r imen ta l  
var iables   of   the   experiment   (display  angle ,   lamp  br ightness ,   and  back-  
g round   b r igh tness )   i n   bo th   who le   and   pa r t i a l   r epor t s .   Bo th   cu rves   i n -  
crease s lowly  wi th  s t imu lus  du ra t ion  up  to  the  64 m s  p o i n t ;  w i t h  t h e  
512 m s  s t i m u l u s  p r e s e n t a t i o n  t h e  p a r t i a l  r e p o r t  p e r f o r m a n c e  i n c r e a s e s  
70 pe rcen t ,  wh i l e  who le  r epor t  pe r fo rmance  does  no t  i nc rease  s ign i f i can t ly .  
The expected change in  performance with s t imulus durat ion would be a small 
i n c r e a s e  i n  p e r f o r m a n c e  u p  t o  100 or 200 m s ,  and then  an  inc rease  o f  
approximately 2 t o  1 a t  t h i s  p o i n t .  The r e a s o n  f o r  t h e  a b r u p t  i n c r e a s e  
a f t e r  200 m s  may b e  t h a t  t h e  e y e  c a n  r e f i x a t e  i n  t h i s  time i n t e r v a l  and 
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scan a d i f f e r e n t  p o r t i o n  o f  t h e  d i s p l a y  p a t t e r n .  The reason  f o r  t h e  
i n c r e a s e  i n  p e r f o r m a n c e  u p  t o  t h e  200 m s  p o i n t  may b e  t h a t  i n  t h i s  r a n g e  
t h e  e y e  d o e s  n o t  move apprec iab ly ,  and  changes  i n  s t i m u l u s  d u r a t i o n  
appear  as c h a n g e s  i n  i n t e n s i t y .  The u n e x p l a i n e d  p a r t  o f  t h e  d a t a  is 
t h a t  t h e  w h o l e  r e p o r t  p e r f o r m a n c e  a t  512 m s  d u r a t i o n  d i d  n o t  i n c r e a s e  
a b r u p t l y ,  as t h e  p a r t i a l  r e p o r t  p e r f o r m a n c e  d i d .  
I n  f u t u r e  e x p e r i m e n t s ,  s t i m u l u s  d u r a t i o n s  less than  100 m s  should 
b e  u s e d ,  i n  o r d e r  t o  i n s u r e  t h a t  t h e  e y e  d o e s  n o t  move a p p r e c i a b l y  d u r i n g  
t h e   s t i m u l u s   p r e s e n t a t i o n .   W i t h   b r i e f   p r e s e n t a t i o n s ,   t h e   p o s i t i o n s   o f  
t h e  p a t t e r n s  d e p e n d  o n l y  o n  i n t e r n a l  p r o c e s s i n g ,  n o t  o n  t h e  a d d i t i o n a l  
u n c o n t r o l l e d   v a r i a b l e ,  e y e  movement. V i sua l   and   t ac t i l e   expe r imen t s  would 
then be more c o m p a r a b l e ,  s i n c e  t h e  t a c t i l e  d i s p l a y s  u s e d  d o  n o t  move over  
t h e  s k i n .  
The i n f l u e n c e  o f  t h e  two br ightness  parameters  on the whole and 
p a r t i a l  r e p o r t  scores can  be  compared in   F ig .   28   and  32.  Nei ther  lamp 
b r i g h t n e s s  n o r  d i s p l a y  b r i g h t n e s s  s i g n i f i c a n t l y  i n f l u e n c e d  t h e  r e s u l t s  
A 20 - fo ld  inc rease  in  l amp  b r igh tness  s l i gh t ly  inc reased  who le  
r epor t  pe r fo rmance  and  s l igh t ly  dec reased  pa r t i a l  r epor t  pe r fo rmance  
( c a .  10 pe rcen t  change  in  each  case )  so tha t  t hese  changes  may be  pre- 
sumed random. A 500-fo ld   increase   in   background  i l lumina t ion   caused  
s m a l l  ( c a .  10 t o  2 0  p e r c e n t )  d e c r e a s e s  i n  e a c h  c a s e ,  and w e  might  assume 
t h a t  a sma l l   i n f luence   ex i s t s .   Bo th   o f   t hese   b r igh tness   changes  had 
such a s m a l l  e f f e c t ,  h o w e v e r ,  t h a t  i t  a p p e a r s  t h a t  n e i t h e r  b r i g h t n e s s  
n o r  c o n t r a s t  i s  an important  par t  of  the information processing models  
de r ived   f rom  these   expe r imen t s .   Ev iden t ly ,   a s   l ong   a s   t he   pa t t e rns   a r e  
c l e a r l y  v i s i b l e ,  t h e  l i m i t a t i o n s  on pa t te rn  percept ion  do  not  depend on  
s t i m u l u s  b r i g h t n e s s .  
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A compar ison  of  bo th  whole  and  par t ia l  repor t  da ta  i s  g iven  as a 
func t ion  o f  n in  F ig .  36 .  Bo th  who le  and  pa r t i a l  r epor t  da t a  a re  
averaged over  the same f o u r  v a r i a b l e s  ( s t i m u l u s  d u r a t i o n ,  d i s p l a y  a n g l e ,  
lamp b r igh tness ,   and  room b r i g h t n e s s ) .  The   remarkable   fea ture  shown i n  
F ig .  36 is  t h e  l a c k  o f  a s e n s o r y  r e g i s t e r  ( o r  e q u i v a l e n t l y ,  a short-term 
memory) by t h e   s u b j e c t s   i n   t h i s   e x p e r i m e n t .   E v i d e n c e   f o r  a sensory  
r e g i s t e r  i s  shown by t h e  p a r t i a l  r e p o r t  s c o r e s  w i t h  a g iven  number of 
s t i m u l i  ( n )  b e i n g  h i g h e r  t h a n  t h e  p a r t i a l  r e p o r t  s c o r e s  w i t h  t h e  same 
value  of  n.   Although  both of t h e s e  tes ts  were no t  made w i t h  t h e  same 
va lue  of  n ,  l inear  ex t rapola t ions  of  the  whole  repor t  per formance  to  
n = 12 a l lows  a f i r s t -order   compar ison   of   bo th  tests a t  t h i s  p o i n t .  If 
t h i s  e x t r a p o l a t i o n  i s  c a r r i e d  o u t ,  i t  can  be  seen  in  F ig .  22 t h a t  t h e  
p a r t i a l  r e p o r t  s c o r e s  f o r  a l l  t h r e e  s u b j e c t s  are a c t u a l l y  less t h a n  
the  who le  r epor t  s co res ,  i nd ica t ing  the  absence  o f  a v i s u a l  s e n s o r y  
r e g i s t e r  for t h e s e  d o t  p a t t e r n s .  
Another  d i f fe rence  be tween these  resul ts  and those previously re-  
po r t ed  us ing  pa t t e rns  o f  let ters ( i n s t e a d  o f  d o t s )  i s  t h a t  a n  upward 
s l o p i n g ,   n o t   s a t u r a t i n g  model d e s c r i b e s   t h e   r e s u l t s .   T h i s   d i s c r e p a n c y  
between r e s u l t s  wi th  v i sua l  do t  and  l e t t e r  p a t t e r n s  i n d i c a t e s  t h a t  t h e  
previous l e t t e r  informat ion  process ing  models  a re  not  as  genera l  as  
t hough t  and  tha t  an  add i t iona l  s t age  in  the  model may be  necessary .  
The m i s s i n g  s t a g e  may b e  t h e  " o b j e c t  l o c a t o r "  i n  t h e  model d i scussed  by 
Shaw (1968) .  Here t h e  f i r s t  s t a g e  o f   t he   v i sua l   i n fo rma t ion   p rocess ing  
model i s  a l o c a t o r  making  only  the  b inary  dec is ions ,  "is  t h e r e  a n  o b j e c t  
he re  o r  not?" 
Ano the r  i n t e re s t ing  po in t  i s  r a i s e d  by the absence of  a v i s u a l  
s e n s o r y   r e g i s t e r   f o r   d o t   p a t t e r n s .   P r e v i o u s l y ,   t a c t i l e   d o t   p a t t e r n   d a t a  
had  compared f a v o r a b l y  w i t h  v i s u a l  l e t t e r  p a t t e r n  d a t a  i n  t h a t  b o t h  
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showed e v i d e n c e   f o r  a senso ry  register. However, i f  v i s u a l  d o t  and 
t a c t i l e  d o t  p a t t e r n  d a t a  are compared,  there  appear  to  be fundamental  
d i f f e r e n c e s .  The d i f f e r e n c e s  may b e   t r a c e a b l e   t o   t h e   d i f f e r e n c e s  i n  
t h e   n e u r a l  mechanism involved i n  p r o c e s s i n g   t h e   p a t t e r n s .  The d i f -  
f e r ences  may be  accounted  for  by assuming tha t  i n  v i s i o n  t h e r e  is one 
more e l emen t  i n  the  in fo rma t ion  p rocess ing  cha in  than  the re  i s  i n  t h e  
t a c t i l e  cha in .  
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I 
V I 1  A COMPARISON OF VISUAL AND TACTIIZ 
MEMORY MODEL P M T E R S  
A .  I n t r o d u c t i o n  
P r e v i o u s  t a c t i l e  d o t  p a t t e r n  p e r c e p t i o n  e x p e r i m e n t s  c a r r i e d  o u t  i n  
t h i s  l a b o r a t o r y  ( B l i s s ,  Crane,  Mansfield,  and  Townsend,  1966; H i l l  apd 
B l i s s ,  1968a) were modeled a f t e r  t h e  v i s u a l  s h o r t - t e r m  memory experiments 
of  Sper l ing  (1960) ,  Averbach  and  Corr i l l  ( 1961) ,  Estes and Taylor  (1964) ,  
a n d  o t h e r s .  T h e s e  t a c t i l e  e x p e r i m e n t s  l e d  t o  a model f o r  m u l t i p l e  t a c t i l e  
p e r c e p t i o n  c o n s i s t i n g  o f  a s e n s o r y  r e g i s t e r  c a p a b l e  o f  s t o r i n g  t a c t i l e  
i n f o r m a t i o n  f o r  a 1-2 second in te rva l  and  a s h o r t  term s t o r e  o f  a more 
l imi t ed  capac i ty  wh ich  r eads  in fo rma t ion  ou t  o f  t he  senso ry  r eg i s t e r ,  and  
r e t a i n s  i t  f o r  a 10- t o  30-second i n t e r v a l .  The two-stage  form of t h e  
r e s u l t i n g  t a c t i l e  model i s  t h e  same a s  t h a t  o f  t h e  p r e v i o u s  v i s u a l  m o d e l ,  
however,   the time c o n s t a n t s ,  c a p a c i t i e s ,  a n d  some o t h e r  d e t a i l s  a r e  
d i f f e r e n t .  
The purposes  of  the experiments  described i n  t h i s  s e c t i o n  were two- 
f o l d .   F i r s t ,   b e c a u s e   o f   t h e   s u c c e s s   o f   t h e   t w o - s t a g e   i n f o r m a t i o n   p r o c e s s i n ;  
model i n  d e s c r i b i n g  t a c t i l e  d o t  p a t t e r n  p e r c e p t i o n ,  t h e s e  e x p e r i m e n t s  were 
d e s i g n e d  t o  f u r t h e r  e x t e n d  t h e  model  by s t u d y i n g  t h e  e f f e c t  o f  a t a c t i l e  
e r a s u r e   s t i m u l u s   o n   t a c t i l e   p a t t e r n   p e r c e p t i o n .   S e c o n d l y ,   b e c a u s e   o f  
t h e  d i f f i c u l t i e s  i n v o l v e d  i n  d r a w i n g  c o n c l u s i o n s  f r o m  n o t . c o m p l e t e l y  
ana logous  t ac t i l e  and  v i sua l  expe r imen t s ,  t hese  expe r imen t s  were des igned  
t o  p r o v i d e  c o m p a r a b l e  d a t a  f o r  t h e s e  two m o d a l i t i e s .  
A more tho rough  unde r s t and ing  o f  t he  v i sua l  i n fo rma t ion  p rocess ing  
model has b e e n  o b t a i n e d  u s i n g  v a r i o u s  e r a s u r e  or i n t e r f e r e n c e  s t i m u l i  t o  
t r y  t o  e r a s e  t h e  c o n t e n t s  o f  t h e  v i s u a l  s e n s o r y  r e g i s t e r  ( A v e r b a c h  a n d  
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S p e r l i n g ,  1961; S p e r l i n g ,  1963, 1967; a n d   o t h e r s ) .  The e r a s u r e   e x p e r i -  
ments  a l low measurement  of  overa l l  v i sua l  shor t  term s t o r e  s c a n n i n g  r a t e s  
and  can  de termine  whether  th i s  scanning  is ser ia l  or p a r a l l e l .  I n  o r d e r  
t o  f u r t h e r  i n v e s t i g a t e  t h e  t a c t i l e  in fo rma t ion  p rocess ing  model w i t h  regard  
t o  s c a n  r a t e  and scan mode, e x p e r i m e n t s  w i t h  t a c t i l e  e r a s u r e  s t i m u l i  were 
c a r r i e d  o u t .  The  paradigm  used i n  t h e  e x p e r i m e n t s  was b a s i c a l l y  t h a t  o f  
t h e  p a r t i a l  r e p o r t  e x p e r i m e n t  d e s c r i b e d  i n  Sec. 11. The sequence  of t h e  
e rasure   exper iment  was a s   f o l l o w s :   F i r s t ,   t h e   t a c t i l e   p a t t e r n s   a r e  
p r e s e n t e d  t o  t h e  s u b j e c t s  by  a c t i v a t i n g  1 2  o f  the 24 a i r j e t  s t i m u l a t o r s  
f o r  a 100-ms in t e rva l .   Then ,   fo l lowing  a v a r i a b l e  time d e l a y  ( u p  t o  
2.0 s )  c a l l e d  t h e  m a r k e r  d e l a y ,  a l l  24  of t h e  a i r j e t s  a r e  a c t i v a t e d  t o  
p r e s e n t   t h e   e r a s u r e   s t i m u l u s .  The s u b j e c t s '  t a s k  was t o  r e p o r t  t h e  
a c t i v a t e d  a i r j e t s  i n  t h e  row des igna ted  by a marker lamp that was a c t i -  
va t ed  s imul t aneous ly  w i t h  t h e  e r a s u r e  s t i m u l u s .  
One example  of a d i f f e r e n c e  b e t w e e n  t a c t i l e  d o t  p a t t e r n s  r e s u l t s  
and v i s u a l  le t ter  r e s u l t s  i s  t h e  upward s l o p i n g  t a c t i l e  model v e r s u s  
the  s a  
is t h e  
i n  t h e  
than  3 
t u r a t i n g  v i s u a l  model f o r  t h e  s h o r t  term s t o r e .  A n o t h e r  d i f f e r e n c e  
r a t i o  be tween  the  senso ry  r eg i s t e r  and  shor t  term s t o r e  c a p a c i t i e s  
two m o d a l i t i e s .  With v i s u a l  l e t te r  s t i m u l i  t h e  r a t i o  i s  g r e a t e r  
1, while  w i t h  t a c t i l e  d o t  s t i m u l i  t h e  r a t i o  i s  3:2.  Are t h e s e  
d i f f e r e n c e s  d u e  t o  t h e  modal i ty  of p r e s e n t a t i o W o r  t o  t h e  d i f f e r e n t  
s t i m u l u s  m a t e r i a l s  u s e d  i n  t h e  experiments?   In  Grder t o  e l i m i n a t e  some 
o f  t he  ambigu i t i e s  i n  compar ing  these  t ac t i l e  and  v i sua l  expe r imen t s ,  t h e  
f o l l o w i n g  v i s u a l  d o t  p a t t e r n  e x p e r i m e n t s  were c a r r i e d  o u t .  
B .  Method 
1. Apparatus 
The v i s u a l  d o t  p a t t e r n s  s t i m u l i  were produced w i t h  t he  l i g h t  box 
d e s c r i b e d  i n  S e c .  V I .  Here 24  neon  lamps i n  t h e  same 3 X 8 s p a t i a l  
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a r rangemen t   r ep laced   t he   a j . r j e t   s t imu la to r s .  The v i s u a l   s t i m u l u s  con- 
d i t i o n s  ( d i s p l a y  b r i g h t n e s s ,  c o n t r a s t ,  a n g u l a r  s i z e ,  d u r a t i o n ,  e tc . )  f o r  
th i s  ana logous  exper iment  were determined from the prel iminary experiment  
of   Sec.  V I .  The p a r t i c u l a r  c o n d i t i o n s  were chosen to  a f f o r d  t h e  b e s t  
compar ison  be tween previous  tac t i le  and  previous  v isua l  exper iments  as  
d i s c u s s e d  i n  t h a t  s e c t i o n .  The v i s u a l  d o t  p a t t e r n  e x p e r i m e n t  was run 
wi thou t  e ra su re  to  de t e rmine  the  senso ry  r eg i s t e r  and  shor t  t e r m  s t o r e  
c a p a c i t i e s  for t he  v i sua l  i n fo rma t ion  p rocess ing  model and with erasure 
t o  d e t e r m i n e  t h e  e r a s u r e ' s  e f f e c t  on the  s e n s o r y  r e g i s t e r ,  the s c a n  r a t e  
of the  s h o r t  term s t o r e ,  and the mode o f  t he  sho r t  term s t o r e  ( s e r i a l  
or p a r a l l e l ) .  B o t h  v i s u a l  and t a c t i l e  e x p e r i m e n t s  were des igned  to  be 
a s   s i m i l a r   a s   p o s s i b l e .  The same r e p o r t i n g   a l p h a b e t ,  same s p a t i a l  
a r rangement  of  s t imula tors ,  same s t i m u l u s  m a t e r i a l s ,  same stimuLus 
t iming, and same subjec ts  were  used  in  both  exper iments .  
The l i g h t  box f o r  the v i sua l  pa r t  o f  t he  expe r imen t  i s  d e s c r i b e d  i n  
Sec.  V I .  I n  t h i s  experiment the NE-2H lamps were rep laced  with NE-2 neon 
lamps  because  of their  b e t t e r  t e m p o r a l  f i r i n g  c h a r a c t e r i s t i c s .  Twelve 
of t h e  24 lamps were simultaneously gated on f o r  100 m s  t o  p roduce  the  
s t i m u l u s  p a t t e r n s .  The v i s u a l  d i s p l a y  box was placed 114 inches  from 
t h e  subject  and subtended a v i s u a l  a n g l e  o f  2 d e g r e e s  a t  t h e  s u b j e c t ' s  
eye.  The average   b r ightness  of the   whi te   cardboard  mask was 46 f L ,  and 
t h a t  o f  t h e  lamps  140 f L .  
The a r r a y  o f  t a c t i l e  a i r j e t  s t i m u l a t o r s  and t h e i r  use i n  t h i s  ex- 
periment i s  a s   d e s c r i b e d   i n   S e c .  111. The  same a i r j e t s  s i m u l t a n e o u s l y  
s t imu la t ed  12 of  the  24 i n t e r j o i n t  r e g i o n s  of the  hand . '  The j e t s  were 
ga ted  on  and  of f  for  a 100-ms i n t e r v a l  t o  p r o d u c e  the  1 - m s  a i r  p r e s s u r e  
pulses  shown i n  F i g .  2 a t  a 150 H z  r a t e .  
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2. S u b j e c t s  
Two c o l l e g e  s t u d e n t s  s e r v e d  a s  p a i d  s u b j e c t s .  S u b j e c t  EB was 
a male col lege sophomore and subject  MS was a male g r a d u a t e  s t u d e n t .  
Both subjects  had a t  least two  months’ i n t e r m i t t e n t  p r a c t i c e  o n  s i m i l a r  
t a c t i l e  and  v isua l  percept ion  exper iments  us ing  the  same types  o f  
s t imu lus  ma te r i a l s  and  the  same response  a lphabe t .  
3 .   Procedure 
The t e s t i n g  s c h e d u l e  u s e d ,  i n  b o t h  t h e  t a c t i l e  and v i s u a l  p a r t s  o f  
the experiment i s  g i v e n  i n  T a b l e  X V I .  The t e s t i n g  s c h e d u l e  is a f a c t o r i a l  
des ign  wi th  s i x  balanced marker  delays,  two ba lanced  r ep l i ca t ions ,  and  
two ba . lanced   e rasure   condi t ions .  I n  a d d i t i o n  two  whole r e p o r t  s e s s i o n s  
a r e  i n c l u d e d  i n  t h e  d e s i g n  t o  m e a s u r e  t h e  s u b j e c t s ’  s p a n  of apprehens ion .  
In  bo th  t h e  t a c t i l e  and v i sua l  expe r imen t s ,  66 p r e s e n t a t i o n s  f o r  each 
s e s s i o n  were chosen t o  a l l o w  the va r i ance  o f  the number o f  p o s i t i o n s  
a v a i l a b l e  to be a c o n s t a n t  ( U  = 1.10 p o s i t i o n s ) ,  u n d e r  t h e  c o n s t r a i n t  
t ha t  t he  du ra t ion  o f  each  expe r imen t  be  10 days .  
Each s u b j e c t  p a r t i c i p a t e d  i n  t h e  experiments for approximately a 
one-hcur  period  each  day.  During t h i s  pe r iod  he  was paced  through  the 
nex t   pa r t   o f  h i s  s e q u e n t i a l  tes t  schedu le .   S ince  the  s e s s i o n s   o f  the 
test schedule  var ied from 10 t o  15 minutes each, and a 5 -  t o  10-minute 
rest per iod  was al lowed between sessions,  a v a r i a b l e  number ( f rom 3 t o  
4) of s e s s i o n s  were completed  each  day.  Both  subjects  completed the  
t a c t i l e  p o r t i o n s  o f  t h e  e x p e r i m e n t  f i r s t  a n d  t h e n  t h e  v i s u a l  p o r t i o n .  
On any  one t r i a l ,  12 stimuli ( f o u r  a i r j e t s  or four  lamps per row) 
were chosen ( b y  the  computer)   out   of  the 3 X 8 a r r a y s .  The s u b j e c t s  were 
asked t o  r e p o r t  o n l y  t h e  f o u r  s t i m u l i  i n  t h e  row s p e c i f i e d  by the marker 
lanp   us ing   the   respor . se   s lphavet  shown i n  F i g .  3. A more complete  de- 
s c r i p t i o n  of t h e  s u b j e c t s ’  r e p o r t i n g  scheme  used i n  b o t h  v i s u a l  and 
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Table  XVI 
PARTIAL  REPORT  DES I GN 
S e s s i o n  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Marker 
-0.75 
0.0 
0.1 
0.3 
0 .8  
2 .0  
Who le  
Report  
2 .o 
0.8 
0.3 
0.1 
0.0 
-0.75 
Erasu re  
W i  thou t 
Without 
Without 
Without 
Without 
Without 
With 
With 
With 
With 
With 
With 
S e s s i o n  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
~ 
Marker 
-0.75 
0.0 
0.1 
0.3 
0.s 
2.0 
Who l e  
Report  
2.0 
0.8 
0.3 
0.1 
0.0 
-0.75 
Erasu re  
~ ~~ 
With 
With 
With 
With 
With 
With 
Without 
W i  thou t 
W i  thou t 
W i  thou t 
W i  thou t 
Without 
t a c t i l e  p a r t s  of th i s   expe r imen t  i s  d e s c r i b e d   i n   S e c .  111. I n  a g iven  
s e s s i o n  t h e  250-ms duration marker lamp came on a f i x e d  time c a l l e d  t h e  
m a r k e r  d e l a y  ( e i t h e r  -0.75, 0.0, 0.1, 0.3, 0.8, o r  2.0 s )  a f t e r  t h e  
t e r m i n a t i o n  o f  t h e  s t i m u l i .  I n  t h e  e r a s u r e  c o n d i t i o n ,  a l l  24 of the 
s t i m u l i  were simultaneously turned on with the marker lamp. 
C .  R e s u l t s  
The responses  made b y  t h e  s u b j e c t s  o n  e a c h  t a c t i l e  a n d  v i s u a l  
s e s s i o n  were c o r r e c t e d  f o r  g u e s s i n g  w i t h  Model I1 desc r ibed  by H i l l  and 
B l i s s  (1968a) t o  o b t a i n  t h e  a c c u r a c y  of t h e  f o u r  r e p o r t s  i n  e a c h  of t h e  
t h r e e  r o w s .  T h e  r e p o r t i n g  a c c u r a c i e s  f o r  e a c h  m o d a l i t y  ( t a c t i l e  a n d  
v i s u a l )  and  each  e ra su re  cond i t ion  were g iven  an  ana lys i s  o f  va r i ance  
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t o  d e t e r m i n e  t h e  s i g n i f i c a n t  d e p e n d e n c i e s  o n  t h e  t h r e e  c o n t r o l l e d  v a r i a b l e s .  
The a n a l y s i s  of variance  summaries are g i v e n  i n  T a b l e s  XVII and XVIII. The 
t a b l e s  show t h a t  m a r k e r  d e l a y  s i g n i f i c a n t l y  i n f l u e n c e d  r e p o r t i n g  a c c u r a c y  
i n  a l l  f o u r  c a s e s .  With t h e  t a c t i l e  s t imu l i ,  marke r  de l ay  was the  o n l y  
s i g n i f i c a n t  v a r i a b l e ;  h o w e v e r ,  w i t h  v i s u a l  s t i m u l i ,  s e v e r a l  a d d i t i o n a l  
v a r i a b l e s  and i n t e r a c t i o n s  are s i g n i f i c a n t .  
The r e su l t s  o f  each  sub jec t  on  each  moda l i ty  a re  shown i n  F i g .  3 7 .  
The  number o f  p o s i t i o n s  a v a i l a b l e  was computed  from t h e  r e p o r t i n g  a c c u r a c y  
u s i n g  t h e  method d e s c r i b e d  b y  S p e r l i n g  ( 1 9 6 0 ) .  F i g u r e  3 7  i n d i c a t e s  t h a t  
b o t h  s u b j e c t s '  s c o r e s  were s i m i l a r l y  a f f e c t e d  by  marker  delay and erasure 
i n  e a c h  o f  t h e  f o u r  d i f f e r e n t  c a s e s .  The r e s u l t s  o f  b o t h  s u b j e c t s  were 
a v e r a g e d  t o g e t h e r  a s  shown i n  F i g ,  38. 
The t ac t i l e  r e s u l t s  w i t h o u t  e r a s u r e  shown i n  F i g .  38 a r e  v e r y  s i m i l a r  
t o  t h o s e  o b t a i n e d  i n  a p rev ious  expe r imen t  f rom th ree  s igh ted  sub jec t s  
and  one l a t e  b l i n d  s u b j e c t  ( H i l l  and B l i s s ,  1 9 6 8 a ) .  F i g u r e  38 shows t h a t  
t h e  t a c t i l e  S e n s o r y  R e g i s t o r  c a p a c i t y  or number of p o s i t i o n s  a v a i l a b l e  
with zero marker  delay i s  5 . 0  p o s i t i o n s  ( v e r s u s  4.9 posi t ions measured 
p r e v i o u s l y ) ,  t h e  t a c t i l e  s h o r t  term s t o r e  c a p a c i t y  o r  number o f  p o s i t i o n s  
p e r c e i v e d  i n  t h e  whole r e p o r t  i s  3.4 p o s i t i o n s  ( v s .  3 . 3  p o s i t i o n s ) ,  and 
t h e  time c o n s t a n t  of t h e  d e c a y i n g  t a c t i l e  s e n s o r y  r e g i s t e r  c a p a c i t y  i s  
about  1 .0  s .  ( v s .  1 .3  s ) .  T h u s ,   t h e   t a c t i l e   p a r t i a l   r e p o r t   r e s u l t s   o f  
the two s u b j e c t s  r e p o r t e d  here f u r t h e r  s u b s t a n t i a t e  the  t a c t i l e  informa- 
t i o n  p r o c e s s i n g  model desc r ibed  by H i l l  and B l i s s  (1968a ) .  
The a d d i t i o n a l  f e a t u r e  i n v e s t i g a t e d  i n  t h i s  experiment i s  t h e  tac- 
t i l e  e ra su re   s t imu lus   co inc iden t   w i th   t he   marke r .  A s  i s  shown i n  F i g .  38, 
when the  marker  and  erasure  preceded  the  s t imulus  by  0 .75  s ,  p a r t i a l  
report  performance was reduced  by 1.2 p o s i t i o n s  ( s i g n i f i c a n t ,  p < 0.05) 
i n d i c a t i n g  t h a t  t h e  t a c t i l e  s y s t e m  h a d  n o t  y e t  recovered  f rom the  tac-  
t i l e  e r a s u r e   s t i m u l u s  when the  p a t t e r n   s t i m u l u s   a r r i v e d .  T h i s  f i n d i n g  
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Table X V I I  
SUMMARY OF ANALYSIS OF VARIANCE OF THE: REPORTING ACCURACY 
I N  THE TACTILF  PARTIAL  REPORT 
Source 
I Without  Erasure With Erasure 
df t-" Mean Square - 
" 
I 
1 .05 
i 
Signi f icance  Mean Square F Signi f icance  F 
10.2 
- 
1.72 
- 
1.36 
1.04 
3+ 04 
Marker  Delay-( M )  
Subjec ts  X M 
Response Row (RR) 
Line   a r  
Quadratic 
Subjec ts  X ( R R )  
.225 
.022 
.127 
1.090 
.632 
.040 
.056 
.049 
.036 
.023 
.022 
.091 
.030 
p < .025 .647 
.lo7 
.020 
.201 
.494 
.052 
. 0 34 
6.05 
- 
- 
1.53 
p c .05 
5 l   
CD 
W 
Report ( R )  
Subjec ts  X R 
.114 
. lo9 
10 I 
LO ~ 
15 
15 
6 
! M X R R  
Subjec ts  X M X RR 
M X R  
I I 
I .038 2.11 
.018 
.023 - 
Subjects  X M X R 
R X RR I Subjec ts  X R X RR I 6 1  1 .045 I 
Source 
Marker D e  1 ay- ( M )  
Sub jec t s  X M 
Response Row (RR) 
L inear  
Q u a d r a t i c  
Sub jec t s  < (RR) 
Report ( R )  
Sub jec t s  X R 
M X RR 
Sub jec t s  X M X RR 
M X RR 
Sub jec t s  X M X R 
R x RR 
Sub jec t s  x R X RR 
Table XVIII 
SUMMARY OF ANALYSIS O F  VARIANCE OF THE REPORTING ACCURACY 
df 
5 
5 
2 
1 
1 
2 
3 
3 
10 
10 
15 
15 
6 
6 
r 
I N  THE VISUAL  PARTIAL  REPORT 
Without Erasure 
Mean Square 
.700 
.092 
1.425 
.688 
.036 
.398 
.157 
.126 
.020 
.045 
.018 
.084 
.006 
F 
7.61 
39.6 
19.1 
2.54 
6.29 
2.50 
13.9 
S ign i f i cance  
p < .025 
p < .025 
p < .05 
p < .005 
p < .05 
p < .005 
With Erasure  
Mean Square 
3.530 
.073 
1.519 
.494 
1.000 
.834 
.020 
. l o7  
.189 
.045 
.052 
.017 
.016 
F 
48.4 
1.52 
- 
41.5 
- 
- 
1.06 
S ign i f i cance  
p < ,001 
p < .01 
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FIG. 37 RESULTS OF THE TWO  SUBJECTS ON THE TWO  PARTS OF THE  PARTIAL 
REPORT  EXPERiFAENT 
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i s  i n  agreement  wi th  tha t  o f  B l i s s ,  Crane, Mansfield,  and Townsend 
(1966, Table 21, which  showed t h a t  r e c o v e r y  is not  yet  complete  two 
s e c o n d s  a f t e r  a t a c t i l e  r e i n f o r c e m e n t  p a t t e r n .  T h e i r  t a c t i l e  r e i n -  
forcement may b e  c o n s i d e r e d  t o  be a n  e r a s u r e  s t i m u l u s ,  s i n c e  it was a 
random p a t t e r n  n o t  r e l a t e d  t o  t h e  s t i m u l u s  p a t t e r n .  When t h e  e r a s u r e  
s t imu lus  occur s  immedia t e ly  a f t e r  t he  pa t t e rn  s t imu lus  ends  ( ze ro  marke r  
d e l a y  i n  F ig .  38) t h e  number o f  p o s i t i o n s  a v a i l a b l e  is p r a c t i c a l l y  
reduced t o  z e r o .  I n c r e a s e s  i n  m a r k e r  d e l a y  e n a b l e  more  and  more o f  t h e  
t a c t i l e  p a t t e r n s  t o  b e  c o r r e c t l y  r e p o r t e d .  
The r e s u l t s  o f  t h e  v i s u a l  p a r t i a l  r e p o r t  are a l s o  shown i n  F i g .  38. 
One o b v i o u s  d i f f e r e n c e  b e t w e e n  v i s u a l  a n d  t a c t i l e  p a r t i a l  r e p o r t s  i s  t h e  
d i f fe rence  in  magni tude  be tween them:  v isua l  scores  a re  as  much as 
t w i c e  a s  h i g h  a s  t a c t i l e  s c o r e s .  The s u r p r i s i n g  f e a t u r e  o f  t h e  v i s u a l  
p a r t i a l  r e p o r t  i s  t h e  l a c k  o f  a v i s u a l  s e n s o r y  r e g i s t e r  f o r  t h e s e  d o t  
p a t t e r n s !  The p a r t i z l  r e p o r t  w i t h  z e r o  marker d e l a y  (6.5 p o s i t i o n s )  i s  
no t  s ign i f i can t ly  h ighe r  t han  the  who le  r epor t  f rom the  same p a t t e r n s  
(5 .9  p o s i t i o n s ) .  The v i s u a l   r e s u l t s   o f   S p e r l i n g   ( 1 9 6 0 ,   F i g .  7) ob ta ined  
w i t h  a r r a y s  o f  12  let ters showed tha t ,  w i th  ze ro  marke r  de l ay ,  sub jec t s  
had many more l e t t e r s  a v a i l a b l e  t h a n  t h e y  d i d  i n  the i r  whole reports  
(11 versus   4 .7  l e t te rs ) .  Th i s   d i f f e rence   be tween   v i sua l  l e t t e r  and do t  
p a t t e r n s  p e r c e p t i o n  e x p e r i m e n t s  i n d i c a t e s  t h a t  t h e r e  may be some funda- 
menta l  d i f fe rences  be tween the  type  of  human informat ion  process ing  
invo lved  in  the  two c a s e s .  
The add i t ion  o f  an  erasure s t imu lus  a f f ec t ed  v i sua l  pe r fo rmance  
somewhat d i f f e r e n t l y  t h a n  t h e  t a c t i l e  p e r f o r m a n c e .  With the  marker   pre-  
c e d i n g  t h e  s t i m u l u s  p a t t e r n ( - 0 . 7 5  s marke r  de l ay ) ,  t he  number o f  
p o s i t i o n s  a v a i l a b l e  was t h e  same wi th  or w i t h o u t  t h e  e r a s u r e  s t i m u l u s ,  
i n d i c a t i n g  t h a t  for d o t  p a t t e r n  r e c o g n i t i o n ,  t h e  v i s u a l  s y s t e m  h a s  
c o m p l e t e l y   r e c o v e r e d   i n   t h i s  time i n t e r v a l .  As d i scussed   p rev ious ly ,  
t h e  t a c t i l e  sys t em is n o t  f u l l y  r e c o v e r e d  two  seconds a f t e r  a t a c t i l e  
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e r a s u r e  s t i m u l u s .  T h e s e  d i f f e r e n t  r e s u l t s  s u g g e s t  t h a t  e i t h e r  t h e  
v i sua l  sys t em has  a d i f f e r e n t  r e c o v e r y  d y n a m i c s  f o r  t h e  e r a s u r e  or 
i n i t i a l  c o n d i t i o n  reset mechanism t h a n  t h e  t a c t i l e  s y s t e m ,  or t h a t  
t a c t i l e  a f t e r i m a g e s  are much l o n g e r  t h a n  v i s u a l  a f t e r i m a g e s .  With a 
m a r k e r  d e l a y  o f  z e r o ,  t h e  e r a s u r e  s t i m u l u s  e f f e c t i v e l y  r e d u c e s  t h e  s u b -  
jects' r e p o r t s  t o  z e r o  a s  i n  t h e  t a c t i l e  case. Increasing  long  marker  
de l ays  a l low more  and  more p o s i t i o n s  t o  b e  r e p o r t e d  i n  b o t h  v i s u a l  and 
t a c t i l e  e x p e r i m e n t s .  
To determine whether the scanning mechanisms used by t h e  s u b j e c t s  
i n  t h e s e  e x p e r i m e n t s  a r e  s e r i a l  or p a r a l l e l ,  t h e  s u b j e c t s '  r e p o r t i n g  
a c c u r a c y  i n  t h e  e r a s u r e  c o n d i t i o n  i s  p l o t t e d  a g a i n s t  m a r k e r  d e l a y  i n  
F i g .  39. Here the   accu racy   o f   each   r e sponse   ( f i r s t   t h rough   fou r th )  i s  
s e e n  t o  i n c r e a s e  a l o n g  similar c u r v e s  i n  b o t h  t h e  t a c t i l e  and v i s u a l  
condi t ions .   Fol lowing   the   a rgument   g iven  by Sperl ing  (19671,   equal  
i n i t i a l  s l o p e s  d e s c r i b e  a p a r a l l e l  s c a n  model  and h i g h e r  f i r s t  t h a n  
l a s t  r e sponse   s lopes  describe a s e r i a l  s c a n  model. A b r i e f  e x p l a n a t i o n  
f o r  t h i s  e x p e c t e d  d i f f e r e n c e  i s  as f o l l o w s :  Assuming t h a t  t h e  e r a s u r e  
s t i m u l u s  erases t h e  s e n s o r y  regis ter  c o n t e n t s ,  t h e  d i s p l a y  i s  on ly  
a v a i l a b l e   t o   t h e   s u b j e c t   f o r  a b r i e f ,   w e l l - d e f i n e d   i n t e r v a l .  A s  t h i s  
i n t e r v a l  is  made longe r ,  a s e r i a l  s c a n n e r  w i l l  t r a n s f e r  more  and more 
p o s i t i o n s ,  and t h e  f i r s t  r e s p o n s e s  w i l l  become  more a c c u r a t e  b e f o r e  the 
l a t e r  o n e s ;  a p a r a l l e l  s c a n n e r  w i l l  t r a n s f e r  p o s i t i o n s  i r r e s p e c t i v e l y  
o f  l oca t ion ,  and  the  accu racy  a t  each  loca t ion  w i l l  grow s i m i l a r l y  with 
the   s t imu lus   i n t e rva l .   Fo l lowing   t h i s   a rgumen t ,   t he  resul ts  of   Fig.  39 
sugges t  a p a r a l l e l  s c a n n e r  model f o r  b o t h  t a c t i l e  and v i s u a l  d o t  p a t t e r n  
pe rcep t ion .  The h y p o t h e s i s  t h a t  t h e r e  i s  no d i f f e rence   be tween   t he  time 
cour se  o f  t he  fou r  r e sponses  in  F ig .  39  i s  tested by the  Marker x 
Response Row i n t e r a c t i o n  o f  t a b l e s  X V I I  and XVIII. N e i t h e r  i n t e r a c t i o n  
was s i g n i f i c a n t ,  and w e  must  assume t h a t  t h e r e  i s  i n s u f f i c i e n t  e v i d e n c e  
t o  show t h a t  t h e  c u r v e s  a r e  d i f f e r e n t  ( i . e . ,  i n s u f f i c i e n t  e v i d e n c e  f o r  
a s e r i a l  m o d e l ) .  
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D. Discuss ion  
The  most s u r p r i s i n g  r e s u l t  o f  t h e  p a r t i a l  r e p o r t  e x p e r i m e n t  is t h e  
l ack  o f  ev idence  fo r  a v i s u a l  s e n s o r y  r e g i s t e r .  T h e r e  are s e v e r a l  
poss ib le   explana t ions ,   however ,  for t h e   m i s s i n g   s e n s o r y   r e g i s t e r .   S i n c e  
l e t te r  r e c o g n i t i o n  is not  involved  in  th i s  exper iment ,  perhaps  the  v isua l  
s e n s o r y  r e g i s t e r  is  a s s o c i a t e d  w i t h  t h e  l e t te r  r e c o g n i t i o n  p r o c e s s ,  i . e .  
t h a t  a s i n g l e  l e t t e r  r e c o g n i z e r  i s  n o t  s c a n n e d  a c r o s s  t h e  f a d i n g  r e t i n a l  
a f t e r i m a g e ,  b u t  t h a t  t h e  s c a n n i n g  p r o c e s s  o p e r a t e s  o n  t h e  f a d i n g  o u t p u t s  
of a p a r a l l e l  b a n k  o f  p a t t e r n  r e c o g n i z e r s .  A n o t h e r  e x p l a n a t i o n  i s  t h a t  
t h e r e  is  a two-s t age  scanne r  cons i s t ing  o f  an  ob jec t  l oca to r  capab le  o f  
making only binary decis ions and a p a t t e r n  r e c o g n i z e r  (Shaw, 1968). 
Again, i f  t h e  s h o r t  term memory were a s s o c i a t e d  w i t h  t h e  p a t t e r n  r e c o g -  
n i z e r ,  t h i s  model  would r e c o n c i l e  t h e  v i s u a l  l e t te r  and d o t  p a t t e r n  
resu l t s .  S t i l l   a n o t h e r ,   p e r h a p s  more fundamental ,   d i f ference  between 
our v i sua l  do t  pa t t e rn  expe r imen t  and  p rev ious  l e t t e r  experiments i s  
tha t  t he  marke r  i n fo rma t ion  in  ou r  expe r imen t  was conveyed  by t h e  same 
v i s u a l  d i s p l a y  and not  by a s e p a r a t e  m o d a l i t y .  The lack  of  a measurable 
s e n s o r y  r e g i s t e r  i n  t h i s  c a s e  c o u l d  be  due t o  t h e  i n t e r f e r e n c e  o f  t h e  
marker  wi th  the  dot  d i sp lay .  
These  a l t e rna t ive  exp lana t ions  sugges t  s imple  mod i f i ca t ions  of t h e  
v i sua l  do t  pa t t e rn  expe r imen t s  t ha t  migh t  r econc i l e  t he  ou tcome  of t h e s e  
exper iments   wi th   p rev ious  l e t t e r  exper iments .  A measurement of t h e  
number of p o s i t i o n s  a v a i l a b l e  w i t h  z e r o  m a r k e r  d e l a y  u s i n g  t h r e e  t o n e s  
t o  d e n o t e  t h e  r e s p o n s e  rows  would r e p l i c a t e  S p e r l i n g ' s  ( 1 9 6 0 )  o r i g i n a l  
c o n d i t i o n s  more e x a c t l y .  A s i m i l a r  measurement made a t t a c h i n g  let ters 
t o  t h e  f r o n t  o f  o u r  lamps could show whe the r  v i sua l  sho r t  term memory 
was dependen t  on  the  a lphabe t i c  cha rac t e r  shapes  r a the r  t han  loca t ion  
a lone .  
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I t  is i m p o r t a n t  t o  d e t e r m i n e  w h e t h e r  t h e  d i f f e r i n g  t a c t i l e - v i s u a l  
d a t a  are due  to  the  absence  o f  a v i s u a l  s e n s o r y  r e g i s t e r  f o r  t h e s e  d o t  
p a t t e r n s  or  are due t o  t h e  marker  modal i ty  used in  the experiment .  The 
d i f f e r e n c e  b e t w e e n  t a c t i l e  and v i s u a l  d a t a  i s  impor t an t  f rom the  po in t  
of   unders tanding   the  t ac t i l e  in fo rma t ion  p rocess ing  cha in .  We had 
p r e v i o u s l y  assumed t h a t  a t a c t i l e  s e n s o r y  r e g i s t e r  w i t h  c e r t a i n  w e l l -  
d e f i n e d  s p a t i a l  and  tempora l  proper t ies  ( H i l l  and B l i s s ,  1968a)  could 
account for t he  obse rved  r e su l t s ;  however ,  i n  t he  v i sua l  ca se ,  where  
c o n s i d e r a b l e  e v i d e n c e  f o r  a s e n s o r y  r e g i s t e r  h a s  a l r e a d y  b e e n  shown, 
the  ana logous  dot  pa t te rn  exper iments  do n o t  seem t o  s u p p o r t  a senso ry  
r e g i s t e r  m o d e l .  I f  t h e  v i s u a l  d a t a  are not  s imply due to  marker  modal i ty  
as  prev ious ly  d iscussed ,  then  fur ther  exper iments  and  model ing  a t tempts  
shou ld  be  ca r r i ed  ou t  t o  exp la in  the  sou rce  of t h e  t a c t i l e  sensory  
r e g i s t e r .  
. 
An i m p o r t a n t  q u e s t i o n  t o  be  answered  by t h e  two erasure  exper iments  
i s  how t h e  e r a s u r e  s t i m u l u s  a c t u a l l y  a f f e c t s  t h e  v i s u a l  and t a c t i l e  
s e n s o r y   i n p u t s .  One hypo thes i s ,   t he   e r a su re   hypo thes i s ,   a s sumes   t ha t  
subsequent ly  presented  informat ion  can  supplant  cur ren t  in format ion .  
This  hypothesis  has  been fostered by Sperl ing (1963) ,  Averbach and 
Cor r i l l   ( 19611 ,  and  Fehrer  and  Raab  (1962).  Another  hypothesis, t h e  
temporal summation hypothesis,  assumes that subsequently presented 
informat ion  summates wi th   cur ren t   sensory   in format ion .   Er icksen   and  
Hoffman (1963) ,   Er icksen   and   Col l ins   (1964,   1965)   g ive   ev idence   to  
s u p p o r t   t h e   l a t e r   h y p o t h e s i s .  The  summation h y p o t h e s i s   p r e d i c t s   t h a t  
t h e  i n t e r f e r e n c e  c a u s e d  by  an  e ra su re  s t imu lus  w i l l  be  symmetr ica l  in  
time ( i . e .  t h e  same reduct ion  in  per formance  w i l l  occur  whether  the  
e r a s u r e  s t i m u l u s  appea r s  a given time be fo re  or a f t e r  t h e  p a t t e r n  
s t i m u l u s ) ,  w h i l e  t h e  e r a s u r e  h y p o t h e s i s  p r e d i c t s  l i t t l e  or no i n t e r f e r -  
e n c e  when t h e  e r a s u r e  s t i m u l u s  p r e c e d e s  t h e  p a t t e r n  s t i m u l u s  ( p a t t e r n  
s u p p l a n t s  e r a s u r e )  b u t  s i g n i f i c a n t  i n t e r f e r e n c e  i n  t h e  r e v e r s e  o r d e r  
( e r a s u r e  s u p p l a n t s  p a t t e r n ) .  
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The d a t a  o f  F i g .  38 s u g g e s t  t h a t  d i f f e r e n t  h y p o t h e s e s  may e x p l a i n  
t h e  results o f  t h e  two d i f f e r e n t  m o d a l i t i e s .  Here a comparison  of 
t empora l  i n t e r f e rence  symmetry can be made by  compar ing  the  e rasure  
s c o r e s  w i t h  +0.8 s and -0.75 s marke-r d e l a y s .  The r e s u l t s  i n  t h e  
tact i le  case appear  symmetrical, s u g g e s t i n g  the summation hypothesis,  
s i n c e  t h e  e r a s u r e  s t i m u l u s  a t  -0.75 s reduces performance by 22 per- 
cent and a t  +0.8 s reduces performance about  the same amount (27 per- 
c e n t ) .  The v i s u a l  r e s u l t s  are  de f in i t e ly   unsymmet r i ca l ,   sugges t ing  
the  e rasure  hypothes is ,  s ince  the  -0 .75  second erasure  s t imulus  does  
n o t  a f f e c t  p e r f o r m a n c e ,  w h i l e  t h e  +0.8 second erasure reduces performance 
by 28 p e r c e n t .  
C a r r y i n g  t h e  v i s u a l  e r a s u r e  h y p o t h e s i s  f u r t h e r ,  t h e  i n i t i a l  s l o p e  
o f  t h e  v i s u a l  e r a s u r e  c u r v e s  o f  F i g .  38 wi th  pos i t ive  marker  de lay  
measu re   t he   ove ra l l   i npu t  ra te .  Th i s   fo l lows   f rom  the   i dea   t ha t   t he  
e ra su re  supp lan t s  t he  cu r ren t  i n fo rma t ion ,  mak ing  it  a v a i l a b l e  f o r  
i n p u t  o n l y  f o r  a d e f i n i t e  p e r i o d  o f  time. The v i s u a l  ra te  measured 
t h i s  way is 50  ms/pos i t ion .  Al though the  tac t i le  da ta  may n o t  s u p p o r t  
t h e  e r a s u r e  h y p o t h e s i s ,  t h e  s l o p e  o f  t h e  e q u i v a l e n t  t a c t i l e  d a t a  i s  
o n l y  200 m s / p o s i t i o n ,  i n d i c a t i n g  t h a t  i f  a s e p a r a t e  t a c t i l e  s c a n n e r  were 
involved ,  i t  is  c o n s i d e r a b l y   s l o w e r   t h a n   t h e   v i s u a l   o n e .  The accuracy  
o f  b o t h  o f  t h e s e  estimated s l o p e s  i s  about  450 percent   because of t h e  
u n c e r t a i n t y  i n  t h e  d a t a  p o i n t s  o f  F i g .  38. 
Ca r ry ing  the  t a c t i l e  summat ion  hypothes is  fur ther ,  the  upward 
s l o p i n g  t a c t i l e  e r a s u r e  c u r v e s  o f  F i g .  38 measure the decay of the 
t a c t i l e  a f t e r i m a g e .  A r b i t r a r i l y  f i t t i n g  t h i s  c u r v e  w i t h  an exponen t i a l  
func t ion  (assuming an  exponent ia l  decay)  g ives  a time cons tan t  o f  0.6 
second.   In te res t ing ly   enough,  when t h e  v i s u a l  d a t a  is f i t t e d  w i t h  t h e  
same e x p o n e n t i a l  c u r v e ,  t h e  r e s u l t a n t  time c o n s t a n t  i s  a l s o  0.6 second! 
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The  tolerance on both  time  constants  is  about f l O O  ms. This  tactile- 
visual  similarity  suggests  that  there  may  be  a  feature  common  to  the 
tactile  and  visual  information  processing  chains. 
E. A Proposed  Visual-Tactile  Information  Processing  Model 
If  it is assumed  that the  visual  sensory  register  exists,  but  was 
not  properly  measured  in  this  experiment,  it  is  possible  to  explain all 
of the  experimental  data  with  one  model  having  two  sensory  input 
channels, and a  common  spatial-position  to  letter  translator  (see 
Fig. 40).  This  model  combines  the  sensory  register of the  temporal 
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FIG. 40 MODEL FOR VISUAL-TACTILE  PATTERN PROCESSOR 
summation  model  with  the  scanner (or  translator)  of  the  erasure  model. 
The  basic  idea  is  that  the  parallel  translator  differentiates  stimulated 
from  nonstimulated  positions on the  basis  of  intensity  at  a  maximum 
overall  rate  (the  equivalent  scanning  rate),  and  that  the  erasure  stimu- 
lus  presented in these  experiments  summates  with  the  sensory  register 
contents  to  render  the  stimulus  positions  undifferentiable. In this 
model  the  partial  report  experiment  without  the  erasure  stimulus 
measures  the  persistence  and  capacity of the  sensory  registers,  and  the 
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p a r t i a l  r e p o r t  e x p e r i m e n t  w i t h  e r a s u r e  m e a s u r e s  t h e  s p e e d  a n d  c a p a c i t y  
o f  t h e  t r a n s l a t o r .  The  model r e q u i r e s  t h e  f o l l o w i n g  a s s u m p t i o n s :  
Both t ac t i le  and v i s u a l  s e n s o r y  r e g i s t e r s  c a n  b e  d e s c r i b e d  
s p a t i a l l y  by a spread model ( H i l l  and B l i s s ,  1968a) and 
can be descr ibed temporal ly  by a pe r s i s t ence  (decay ing  
a f t e r image)  o f  a given time c o n s t a n t .  
B o t h  s e n s o r y  r e g i s t e r s  are  desc r ibed  by the temporal  
summation hypo thes i s .  
The v i s u a l  s e n s o r y  r e g i s t e r  e i t h e r  h a s  a time c o n s t a n t  
sho r t  w i th  r e spec t  t o  0 .75  second  OF else  has  an  e ra su re  
i n p u t  t h a t  i s  i n t e r n a l l y  a c t i v a t e d .  
A p a r a l l e l ,  l i m i t e d  c a p a c i t y ,  p o s i t i o n  t o  le t ter  t r a n s -  
l a t o r  t h a t  c a n  s t o r e  o n l y  60 p e r c e n t  o f  p o s i t i o n s  i n  t h e  
p a t t e r n s  a v a i l a b l e  t o  i t  and  has  an  ove ra l l  p rocess ing  
ra te  desc r ibed  by a 0.6 second time c o n s t a n t .  
Assumption (1) e x p l a i n s  t h e  d i f f e r i n g  c a p a c i t i e s  w i t h  n e g a t i v e  
m a r k e r  d e l a y  ( v i s u a l ,  1 0 . 0  p o s i t i o n s  a v a i l a b l e ;  t a c t i l e ,  5 . 6  p o s i t i o n s ) .  
The sp read ing  model a t t r i b u t e s  t h i s  less than  pe r fec t  pe r fo rmance  to  the  
jumbl ing   of   the   input   pa t te rn ,   no t  i t s  a t t e n u a t i o n .   T h i s   s p r e a d i n g  model 
i s  s u b s t a n t i a t e d  i n  similar t a c t i l e  d o t  p a t t e r n  p e r c e p t i o n  e x p e r i m e n t s  
( H i l l  and B l i s s ,  1968a)  but  has  not  y e t  b e e n  t e s t e d  a g a i n s t  t h e  v i s u a l  
d o t  p a t t e r n  d a t a .  
Assumption ( 3 )  i s  necessa ry  t o  e x p l a i n  t h e  r e c o v e r y  o f  t h e  v i s u a l  
input   f rom  the  erasure  s t imulus  a t   -0 .75  second  marker   delay.  A t  t h i s  
marke r  de l ay ,  pa r t i a l  r epor t  s co res  wi th  and  wi thou t  e ra su re  are t h e  
same. One exp lana t ion  is  t h a t  t h e  s u b j e c t  c a n  v o l u n t a r i l y  remove t h e  
e f f e c t  o f  t h e  e r a s u r e  s t i m u l u s  b y  v o l u n t a r i l y  b l i n k i n g  or r e f i x a t i n g  
h i s  eyes i n  t h e  0.75-second in t e rva l .   Ano the r   exp lana t ion  i s  t h a t  t h e  
v i s u a l  a f t e r i m a g e  d e c a y s  f a s t  enough so t h a t  t h e  s t i m u l u s  p a t t e r n  is  
readi ly  v is ib le  super imposed  on  the  a t tenuated  e rasure  s t imulus  0 .75  s 
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l a t e r .   T h i s   s e c o n d   h y p o t h e s i s   c a n   b e   t e s t e d   l a t e r  when the   exper iment  
i s  r e p l i c a t e d  w i t h  a n o t h e r  m a r k e r  m o d a l i t y  a l l o w i n g  t h e  s e n s o r y  r e g i s t e r  
time cons tan t  to  be  measured .  
The p rocesso r  of t h e  model i s  t h e  p o s i t i o n  t o  l e t te r  t r a n s l a t o r  
(assumption 4 )  t h a t  a c c e p t s  t h e  f i l t e r e d  p a t t e r n s  of t h e  s e n s o r y  r e g i s -  
ters and  dec ides  on  an  in t ens i ty  bas i s  wh ich  pos i t i ons  were s t i m u l a t e d .  
The in t ens i ty  inpu t  ( a s sumpt ion  2 )  a t  any time is  determined by t h e  
pe r s i s t ence  ( a s sumed  to  be  an  in t eg ra to r  w i th  a given time cons tan t )  o f  
each   moda l i ty .   Wi thou t   t he   e r a su re   s t imu lus ,   t he   s enso ry   r eg i s t e r  
in format ion  dies  ou t   w i th   t he   g iven  time c o n s t a n t .  With t h e  e r a s u r e  
s t i m u l u s ,  t h e  s e n s o r y  register c o n t e n t s  a t  a n y  t i m e  i s  a l i n e a r  sum of  
t h e  s t i m u l u s  p a t t e r n  and e r a s u r e  p a t t e r n  w e i g h t e d  by t h e  p e r s i s t e n c e  
time c o n s t a n t .   I n   t h e   e r a s u r e  s t i m u l u s  case  with  zero  marker  d e l a y ,  
subject   performance i s  z e r o ,  i n d i c a t i n g  t h a t  t h e  r e s u l t a n t  i n t e n s i t y  
d i f fe rence   be tween a 350  and a 250 m s  exposure i s  n o t  d e t e c t a b l e .  I t  
f o l l o w s  t h a t  w i t h  a n y  p o s i t i v e  m a r k e r  d e l a y  t h e  d i f f e r e n t  i n t e n s i t i e s  
a f t e r  t h e  o c c u r r e n c e  of t h e  e r a s u r e  s t i m u l u s  a r e  a l s o  n o t  d e t e c t a b l e ,  
because the s t i m u l u s  i n t e n s i t y  w i l l  be lower than when o r i g i n a l l y  p r e -  
s e n t e d .   I n   t h i s   e r a s u r e  s t i m u l u s  case ,   - the   t rans la tor   can   on ly   p rocess  
t h e  s e n s o r y  r e g i s t e r  i n f o r m a t i o n  f r o m  t h e  time t h e  s t i m u l u s  p a t t e r n  
b e g i n s  t o  t h e  t i m e  t h e  e r a s u r e  s t i m u l u s  b e g i n s .  The d a t a  o f  F i g .  38 
i n d i c a t e  t h a t  b o t h  t a c t i l e  and v i s u a l  e r a s u r e  c u r v e s  i n c r e a s e  w i t h  a 
0.6-second time cons tan t   wi th   pos i t ive   marker   de lays .  Also both  curves  
r each  a maximum of 60 pe rcen t  (58 p e r c e n t  f o r  v i s u a l ,  61  p e r c e n t  f o r  
t a c t i l e )  o f  t h e i r  r e s p e c t i v e  maximum s e n s o r y  r e g i s t e r  c a p a c i t i e s  
(measured a t  -0 .75  second marker  de lay)  ind ica t lng  tha t  the  maximum 
c a p a c i t y  o f  t h e  t r a n s l a t o r  i s  7 . 2  p o s i t i o n s  and t h a t  t h e  i n i t i a l  i n p u t  
r a t e  i s  600  ms/7.2 p o s i t i o n ,  or 83 m s / p o s i t i o n  i n  t h i s  c a s e .  
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The p red ic t ed  do t  pa t t e rn ,  pa r t i a l  and  who le  r epor t  pe r fo rmance  o f  
t h i s  model wi th  pos i t ive  and  negat ive  marker  de lays  is shown i n  F i g .  41. 
The time c o n s t a n t  o f  t h e  d e c a y i n g  s e n s o r y  r e g i s t e r  is denoted by 7 
and t h a t  of t h e   t r a n s l a t o r  by 7 The  model p re sen ted   he re  tries t o  
i n c o r p o r a t e  t h e  r e s u l t s  o f  t h e  p r e v i o u s  t a c t i l e  d o t  p a t t e r n  d a t a ,  and 
p r e v i o u s l y  r e p o r t e d  v i s u a l  d e t a ,  t o g e t h e r  w i t h  t h e  d a t a  o f  t h e  e x p e r i -  
ment into a single i .nformation  processing block.  The form of t h e  model 
can be t e s t e d  w i t h  f u r t h e r  d o t  p a t t e r n  e x p e r i m e n t s .  
1’ 
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FIG. 41 HYPOTHETICAL  RESULTS OF A SHORT-TERM- 
MEMORY EXPERIMENT 
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V I 1 1  FURTHER  ANALYSIS OF SEQUENTIALLY  PRESENTED 
A .  I n t r o d u c t i o n  
Hirsh  and  Sher r ick  (1961)  descr ibed  a series 
POINT  STIMULATION DATA 
of pe rce ived  o rde r  
experiments  on the t a c t i l e  as well as o n  v i s u a l  and a u d i t o r y  s e n s e s .  
T h e i r  r e s u l t s  show t h a t  a l l  t h r e e  m o d a l i t i e s  h a v e  e q u a l  a b i l i t i e s  t o  
d i f f e r e n t i a t e  b e t w e e n  two t empora l   s t imu l i .  They h y p o t h e s i z e  t h a t  t h e r e  
i s  a c e n t r a l  t e m p o r a l  d e c i s i o n  maker common t o  t h e s e  t h r e e  s e n s e  m o d a l i -  
t ies .  More r ecen t   expe r imen t s  by  Babkoff  and Su t ton   (1963)   ( aud i to ry ) ,  
and  Robinson  (1967)  (visual) ,  show t h a t  t h e  s i t e  o f  s t i m u l a t i o n  and 
i n t e n s i t y   c u e s   i n f l u e n c e   t h e   t e m p o r a l   l i m e n .   I n   p a r t i c u l a r ,   s e p a r a t e  
s t i m u l i  p r e s e n t e d  t o  s e p a r a t e  eyes or e a r s  ( d i c h o p t i c  or d i c h o t i c )  a r e  
perce ived  wi th  grea te r  tempora l  accuracy  than  are  s t imul i  p resented  to  
only  one  sense  organ or s e n s o r y  s u r f a c e .  The above  authors  do no t  g ive  
d a t a  t o  d i s p r o v e  H i r s h  and Sher r ick ' s  (1961)  concept  of  a c o n s t a n t  tempo- 
r a l  limen when t h e  two s t i m u l i  are  presented  on  the  same s e n s o r y  s u r f a c e .  
Gescheider   (1965,   1966)   conducted  experiments   to   determine  the 
i n t e r s t i m u l u s  i n t e r v a l  where  two t a c t i l e  po in t  s t imu l i  appea red  a s  two 
s u c c e s s i v e   t a p s   r a t h e r   t h a n   o n e .  H e  found t h a t   t h i s   " s i m u l t a n e o u s   v s  
success ive"  l imen var ied  f rom 1 m s  w i th  c lose ly  spaced  s t imu l i  on  a 
f i n g e r  t o  11 m s  for s t imu l i  on  sepa ra t e  hands .  Gesche ide r ' s  measu re  is  
n o t  t h e  same as the temporal  l imen,  because s t i m u l i  t h a t  are  sepa ra t ed  
s u f f i c i e n t l y  i n  time to  be  r ecogn ized  as two ra the r  t han  one  even t  ( w e r e  
t he re  one  or two?)  cannot  be  ordered  in  time (which came f i r s t ? )  u n t i l  
t h e  time i n t e r v a l  i s  cons ide rab ly  inc reased .  
I n  a previous  exper iment  (Hi l l  and  B l i s s ,  1968b)  the percept ion of  
two  and t h r e e  s e q u e n t i a l l y  p r e s e n t e d  p o i n t  s t i m u l i  o n  t h e  h a n d s  is  
d e s c r i b e d .  I n  t h i s  s e q u e n t i a l  e x p e r i m e n t  n (n  = 2 or 3) b r i e f  (10  ms) 
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j e t s  o f  a i r  are s e q u e n t i a l l y  p r e s e n t e d  t o  a n y  of t h e  24 i n t e r j o i n t  
r eg ions   o f   t he   f i nge r s   ( t humbs   exc luded) .  The s u b j e c t s '  t a s k  was t o  
r e p o r t  t h e  r e g i o n  s t i m u l a t e d  i n  t h e  o r d e r  s t i m u l a t e d .  One of t h e  
i n t e r e s t i n g  r e s u l t s  o f  t h e  s e q u e n t i a l  e x p e r i m e n t  was t h a t  t h e  s e q u e n t i a l  
e r r o r  was ve ry  un i fo rm fo r  d i f f e ren t  sub jec t s  and  may r e p r e s e n t  a b a s i c  
limit on human t e m p o r a l  r e s o l u t i o n  w i t h  t a c t i l e  i n p u t s  f o l l o w i n g  H i r s h  
and   She r r i ck ' s  (1961) s p e c u l a t i o n .  
B o  Analys is  
I n  o r d e r  t o  fu i - the r  i nves t iga t e  human temporal  resolut ion between 
d i f f e r e n t  body l o c a t i o n s ,  t h e  d a t a  o f  t h e  s e q u e n t i a l  e x p e r i m e n t  w i t h  
two s t i m u l i  ( n  = 2 )  were broken down t o  make two a d d i t i o n a l  a n a l y s e s .  
The f i y s t  a n a l y s i s  compares  temporal  resolut ion when both s t i m u l i  were 
on  one  hand t o  t h a t  when t h e  s t i m u l i  were on  separa te  hands .  This  
a n a l y s i s  tes ts  whether  one  hand has  be t te r  tempora l  reso lv ing  power than  
two.  The  second a n a l y s i s  compares   temporal   resolut ion when both  s t i m u l i  
are on  the  same  hand bu t  occur  on  the  same f i n g e r ,  n e i g h b o r i n g  f i n g e r s ,  
e tc . ,  up t o  and  inc luding  f ingers  on  the  ex t reme sides of the hand. 
T h i s  a n a l y s i s  tests whether  reso lu t ion  depends  on  f inger  spac ing;  
The measare for t empora l  r e so lu t ion  fo r  bo th  o f  t hese  ana lyses  is  
t h e   s e q u e n t i a l   e r r o r   f r a c t i o n .  The s e q u e n t i a l   e r r o r   f r a c t i o n  i s  t h e  
f r a c t i o n  o f  r e v e r s e d  s t i m u l u s  p a i r s  ( i . e .  i f  t h e  s t i m u l u s  o r d e r  was AB 
and the  r e sponse  was B A ) .  When the s t i m u l i  a r e  p r e s e n t e d  w i t h  a s u f -  
f i c i e n t l y  s m a l l  i n t e r s t i m u l u s  i n t e r v a l  ( i . e .  t h e  i n t e r v a l  from t h e  
t e m i n a t i o n  o f  t h e  f i r s t  s t i m u l u s  t o  t h e  o n s e t  o f  t h e  s e c o n d ) ,  s u b j e c t s  
can only  guess a t  t h e  c o r r e c t  o r d e r  and t h e i r  s e q u e n t i a l  e r r o r  f r a c t i o n  
is 0 .5  for n = 2. When t h e  s t i m u l i  a r e  p r e s e n t e d  w i t h  a s u f f i c i e n t l y  
l o n g  i n t e r s t i m u l u s  i n t e r v a l ,  s u b j e c t s  a l w a y s  r e p o r t  i n  t h e  r i g h t  o r d e r  
and t h e  s e q u e n t i a l  e r r o r  f r a c t i o n  i s  ze ro .  The temporal  imen i s  t h e  
i n t e r m e d i a t e  p o i n t  w h e r e  t h e  s e q u e n t i a l  e r r o r  f r a c t i o n  i s  0.25. 
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To  make t h e  a n a l y s i s  as unambiguous as poss ib le  and  more independent 
o f  t h e  l o c a l i z a t i o n  p a r t  of the  exper iment  than  the  prev ious  sequent ia l .  
e r r o r  a n a l y s i s ,  o n l y  t h e  c o r r e c t l y  r e p o r t e d  p a t t e r n s  were cons idered .  
Each o f  t h e  l o c a t i o n s  o f  a s t i m u l u s  p a t t e r n  had t o  b e  c o r r e c t l y  r e p o r t e d  
for t h e  s t i m u l u s  p a t t e r n  t o  b e  i n c l u d e d  i n  t h i s  a c a l y s i s .  T h i s  a c c u r a c y  
r e s t r i c t i o n  e l i m i n a t e d  a b o u t  30 pe rcen t  of t h e  p a t t e r n s  Prom t h e  
s e q u e n t i a l   a n a l y s i s .  Because o f   t h i s   r e s t r i c t i o n ,   h o w e v e r ,  no guessing 
c o r r e c t i o n  had t o  be  appl ied  to t h e s e  p a t t e r n s .  
The d a t a  f o r  t h e  o n e  hand  vs two hand  ana lys i s  are  shown i n  F i g .  4 2 ,  
and  analyzed  with  an  analysis  of va r i ance  in  Tab le  X I X .  Figure  42 shows 
l i t t l e  d i f f e rence   be tween   t he  two c o n d i t i o n s .  I n  t h e  a n a l y s i s  o f  v a r i -  
ance of Table  X I X  t h e  Hands x I n t e r s t i m u l u s  I n t e r v a l  (H X T .  ) tests t h e  
hypo thes i s  t ha t  t he  t empora l  l imen  i s  t h e  same f o r  one hand a s  f o r  two. 
S i n c e  t h i s  h y p o t h e s i s  i s  a c c e p t a b l e ,  w e  assume t h a t  t h e r e  is insu f -  
f i c i e n t  data t o  show a n y  d i f f e r e n c e s  i n  t h e  l i m e n .  
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Table X I X  
ANALYSIS OF VARIANCE OF SEQUENCE  RROR FRACTION 
FOR 5 SUBJECTS WITH n = 2 
Source P F R a t i o  Mean Square df 
Hands (H)  
Ti 
" 0.00005 1 S e r i e s  (S) 
2.11 0.00106 1 
H X S  1 0.00002 " 
H X Ti 
2.87 0.00143 4 S X Ti 
2.60 0.00131 4 
H X S X T i  4 0.00050 
4 0.001  419 0.02115 
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COMPARISON OF SEQUENTIAL ERROR WHEN  STIMULI 
APPEAR ON THE SAME OR ON  DIFFERENT  HANDS 
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The d a t a  f o r  t h e  f i n g e r - s p a c i n g  a n a l y s i s  a r e  g i v e n  i n  F i g .  4 3  and 
are analyzed with an  a n a l y s i s  o f  v a r i a n c e  i n  T a b l e  XX. F igu re  43 shows 
t h a t  t h e r e  was a dec rease  i n  s e q u e n t i a l  e r r o r  w i t h  f i n g e r  s p a c i n g  a t  
T = 2 ms, s u g g e s t i n g  t h a t  t h e  t e m p o r a l  limen was less for more c l o s e l y  
spaced tac t i le  s t i m u l i .  In  Table XX the  Finger   Spacing X I n t e r s t i m u l u s  
I n t e r v a l  ( F  x T . )  tes ts  t h e  h y p o t h e s i s  t h a t  t h e  t e m p o r a l  limen is  t h e  
same for a l l  f i n g e r  s p a c i n g s .  S i n c e  t h e  h y p o t h e s i s  i s  n o t  r e j e c t e d ,  w e  
assume t h a t  t h e r e  is  i n s u f f i c i e n t  e v i d e n c e  t o  show a n y  d i f f e r e n c e s  i n  
l imen wi th  f inger  spac ing .  
i 
" 
1 
However, t h e  d a t a  o f  Fig. 43 suggest  that  temporal  l imen may 
dec rease  wi th  dec reased  s t imu lus  spac ing ,  t hus  fu r the r  exp lo ra t ion  may 
he   war ran ted .   In   t he   . f i r s t   p l ace ,   t he   In t e r s t imu lus   In t e rva l s   chosen   fo r  
the experiment  are n o t  t h e  most a p p r o p r i a t e  f o r  measur ing  th i s  tempors l  
limen. The d a t a  o f  F i g s .  42  and  43 show t h a t  t h e  t a c t i l e  t e m p o r a l  l i n e n  
is  about 30 m s .  To most e f f e c t i v e l y  measure th i s   l imen ,   va lues  of T 
between 10 and 40 m s  should  be  used. I n  t h e  s e c o n d  p l a c e ,  i f  b e t t e r  
t empora l  r e so lu t ion  r e s u l t s  from c l o s e r  s t i m u l a t o r  s p a c i n g s ,  s m a l l e r  
t a c t i l e  d i s p l a y s  may be more e f f e c t i v e  for communicating timing i .n for -  
ma t ion  to  human o p e r a t o r s .  
- - 
i 
Table XX 
ANALYSIS OF VARIANCE OF SEQUENTIAL ERROR FRACTION 
FOR 5 SUBJECTS W I T H  TWO STIMULI ON THE SAME HAND 
Source "DE 
S e r i e s  (S)  
3 Finger  Spacing (F)  
1 
Ti 
S X F  
__ 
Mean Square 1 F R a t i o  
" 
I 
0.00380 
0.00332 
0.50650 
0,02225 
0.001 81 
0.01315 
0.01695 I " " 47 2.08 " 1.22 -
" 
P 
0.001 
" 
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FIG. 43 COMPARESON OF SEQUENTIAL ERROR ON  ONE HAND 
WITH DIFFERENT STIMULUS SPACINGS 
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IX THE PERCEPTION OF SEQUENTIALLY  PRESENTED  VISUAL AND TACTILE 
PATTERNS WITH FOUR AND SIX STIMULI 
A .  Introduction 
A previous  experiment  (Hill  and  Bliss, 1968b) with two  and  three 
sequentially  presented  tactile  stimuli  showed  that  subjects'  ability  to 
localize  the  stimuli  did  not  depend on the  stimulus  onset  interval (SOI), 
but  that  their  ability  to  temporally  order  the  stimuli  depended  strongly 
on SOI.  Furthermore,  the  simple  normal  distribution model for temporal 
order did not  hold  in  the  three-stimulus case, but a model  with  a  con- 
stant  information  uptake  rate  could  explain  the  results.  In  order to 
obtain  additional  sequential  data  that  would  be  more  demanding of the 
theory  and  models  suggested by  the  two-  and  three-stimuli cases, similar 
experiments  with  four  and  six  sequentially  presented  stimuli  were  car- 
ried  out. 
In a  paper on temporal  resolution  in  three  different  modalities, 
Hirsh and  Sherrick (1961) presented  data  to  show that,  with  two  stimuli, 
auditory,  visual, and  tactile  temporal  resolutions  are  the same. The 
failure of their  simple  temporal  resolution  model  to  describe  the  tactile 
three-stimulus  case  leads  to  questions  about  the  temporal  equivalence of 
the  modalities  when  more  than  two  stimuli  are  sequentially  presented. 
TO further  compare  tactile  and  visual  temporal  resolutions  with  a  larger 
number of stimuli, the  same  four and six  stimulus  experiments  were  con- 
ducted  with  the  analogous  visual  display  described  in  Sec.  VI. 
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I ." 
E. Method 
1. Apparatus 
The  array  of  tactile  airjet  stimulators  used  in  this  experiment 
described  in  Sec. 111. The same  airjets  sequentially  stimulated  n 
is 
(n = 4 or n = 6 )  interjoint  regions of the  hands.  When  activated,  each 
jet  produced  the  pressure  pulses shown  in  Fig. 44. The duration  of  each 
pulse  was  about 7 ms, and  the  peak  pulse  pressure  about 1 l?bf/in . A 
typical  skin  deflection  waveform  resulting  from  the  pressure  pulses  is 
shown  in  Fig. 45. The  maximum  skin  deflection  in  Fig. 45 is  about 100 P. 
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The visual  display  box  used  in  the  visual  part  of  the  experiment  is 
described  in  Sec. VI. A given  number  of  the  lamps  were  sequentially  gated 
on for  a 5 ms  period  to  produce  the  stimulus  patterns. The bulbs  all 
fired  within 25 ps of  the  gate  onset  and  were  extinguished  within 25 IJ.s 
after  the  gate  offset. The light  box  was  placed 114 inches  in  front  of 
the  subject's  eyes  and  subtended  a  visual  angle of 2 degrees  at  this 
distance.  The  brightness of the  white  cardboard  mask  was 46 fL and of 
the  bulbs,  when on, was 420 fL. 
2.  Subiects 
Two college  students  served  as  paid  subjects.  Subject EB was  a  male 
college  sophomore  and  subject MS was  a  male  graduate  student.  Both  sub- 
jects had  at  least  two  months'  intermittent  practice  on  similar  tactile 
and  visual  perception  experiments  using  the  same  types of stimulus  mate- 
rials  and  the  same  alphanumeric  response  alphabet. 
3. Procedure 
Each  subject  participated  in  the  experiments  for  approximately  a 
one-hour  period  each  day.  During  this  period  he  was  paced  through  the 
next  part  of  his  sequential  test  schedule. Since the  sessions  of  the 
test  schedule  varied  from 10 to 15 minutes each, and a 5- to  10-minute 
114 
FIG. 44 FIVE SUPERIMPOSED AIR PRESSURE 
PULSES 
TA-6836-45 
FIG. 45 THREE SUPERIMPOSED SKIN DEFLECTION 
WAVEFORMS 
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rest per iod  was allowed between sessions, a v a r i a b l e  number ( f rom 3 t o  4)  
of s e s s i o n s  were completed each day. 
The t e s t i n g  s c h e d u l e  f o r  b o t h  p a r t s  o f  t h e  e x p e r i m e n t  is g i v e n  i n  
Table X X I .  Both  subjects   completed  the t a c t i l e  vers ion  of   the  experiment  
f i r s t  and  then  the  v i sua l  ve r s ion .  The t e s t i n g  s c h e d u l e  i s  a f a c t o r i a l  
d e s i g n  w i t h  s i x  s t i m u l u s  o n s e t  i n t e r v a l s  i n  random o r d e r ,  two balanced 
va lues  of n ,  and  two b a l a n c e d   r e p l i c a t i o n s .   I n   b o t h   t h e   t a c t i l e  and 
v i sua l  ve r s ions  of the  expe r imen t ,  t he  se s s ions  wi th  n = 4 cons i s t ed  of 
36 s t i m u l u s  p re sen ta t ion ,  and those with n = 6 cons is ted  of  48. 
Table X X I  
TESTING  SCHEDULES FOR BOTH TACTILE AND VISUAL 
SEQUENTIAL  EXPERIMENTS 
Sess ion  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
so1 
100 
0 
200 
25 
5 0  
10 
0 
25 
100 
5 0  
2  00 
10 
" 
n 
4 
4 
4 
4 
4 
4 
6 
6 
6 
6 
6 
6 
" 
- 
Sess ion  
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
so1 
100 
2 00 
0 
5 0  
10 
25 
50 
100 
2 00 
10 
25 
0 
n 
6 
6 
6 
6 
6 
6 
4 
4 
4 
4 
4 
4 
- 
These numbers were chosen  to  a l low the  var iance  of  the  number of p o s i t i o n s  
pe rce ived  to  be  a cons t an t  (0 = 0.23 p o s i t i o n s ) ,  u n d e r  t h e  c o n s t r a i n t  t h a t  
t he  du ra t ion  of each  experiment  be 10 days.  The l o c a t i o n  of the  posi-  
t i ons  s t imu la t ed  on  each t r i a l  was random w i t h i n  t h e  c o n s t r a i n t  t h a t  
each  pos i t i on  was s t i m u l a t e d  t h e  same  number of times pe r  s e s s ion .  
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On any one trial,  n  stimulus  positions  were  chosen by the  control 
computer  out  of  the 3 X 8 arrays. The stimulus  positions  were  assigned 
a random  order  (by  the  computer)  and  gated on sequentially  with  a  given 
stimulus  onset  interval.  (The SO1 is  the  time  interval  between  the 
onset of the  first  and  second pulse, second  and  third  pulse,  etc.)  In 
a  given  session  the SO1 was  either 0 (simultaneous  presentation) 10, 25, 
5 0 ,  100, or 200 ms.  In  any one  session n was  constant and known by  the 
subjects, and  the SO1  was  constant but unknown. The subjects  were  asked 
to report  the  positions  stimulated  in  the  order  that  they  were  stimulated, 
using  the  alphanumeric  reporting  alphabet  described  in  Sec.  111. A typ- 
ical  verbal  response  with n = 4 would  be  2H3AlBlC. The  responses  were 
typed  into  the  control  computer  by  the  experimenter.  After a response 
was  typed in, the  next  stimulus  pattern  was  presented  after a 4-second 
time  delay. 
C .  Results 
Subjects  in  this  experiment  could  make  two  different  types of errors: 
errors  in  identifying the spatial  location  and  errors  in  identifying  the 
temporal  order  of  the  stimuli.  Several  statistical  measures  were  pre- 
viously  derived  to  account  for  these  spatial  and  temporal  errors  (Hill 
and Bliss, 1968b); they  will  not  be  repeated  here  in  detail. Two of 
these  measures  used  in  the  analysis  of  this  experiment  are: 
(1) Content  Positions--The  number  of  positions  perceived  in 
the  correct  spatial  location,  independent  of  sequence. 
(2) Content and Sequence  Positions--The  number  of  positions 
perceived  in  the  correct  temporal  location  and i  the 
correct  spatial  location. 
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An  analysis  of  variance  was  performed on the  Content  Positions  and 
on the  Content  and  Sequence  Positions  to  determine  the  significant in- 
fluences  of  both SO1 and n  for  the  two  input  modalities. The results 
of  these  analyses  are  shown  in  Tables XXII and XXIII. The  data on which 
the  analyses  are based are shown  in  Fig. 46. The same  data  averaged 
over  the  two  subjects  are  shown in Figs. 47 and 48. 
The most  striking  result  of  this  experiment  is  the  strong  dependence 
of  the  number  of  Content  Positions  perceived  by  the  subjects  and SOI. 
With n = 6 the  number  of  CGntent  Positions  perceived  reaches  a  minimum 
at a 50 ms SOI. With n = 4 the  drop  with increasing SO1 is  not  as  large 
but it is  still  significant. The number  of  Content  Positions  perceived 
with  both  tactile  and  visual  stimuli  depends  linearly  and  quadratically 
on SO1 (see Table XVII). This  result is different  from  that  obtained 
by  Hill  and Bliss (1968b) using  basically  the  same  experimental  paradigm 
with  n = 2 and 3 instead  of n = 4 and 6. The previous  findings  showed 
that the  subjects'  ability  to  localize  the  positions  of  the  stimulus 
patterns  did  not  depend on SOI. Apparently,  with  a greater  number of 
stimuli, there  is  some  masking or other  interaction  that  reduces  stimulus 
localizability or detectability.  The  number  of  content  positions per- 
ceived  in  both of these  experiments  are  shown  in  Fig. 49 for  comparison. 
The overall  performance  levels  of  Fig. 49 are  not  meaningful,  since 
different  subjects  participated  in  the  two  experiments;  however,  the 
changes  in  performance  level  with SO1 are. 
The  number  of  Content  Positions  perceived  with  visual  and  tactile 
stimuli  changes  differently  with  increasing S O I .  Figures 47 and 48 
show  that  even  though  the  number  of  Content  Positions  perceived  visually 
is higher  than  that  perceived  tactually with SO1 = 0 ,  visual  performance 
drops  more  sharply  with SOI. With  a SO1 of 50 ms, visual  performance  has 
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Table XXII 
SLJMMARY OF ANALYSIS OF VARIANCE OF THE CONTENT  POSITIONS  PERCEIVED 
T Tactile Stimuli Visual  Stimuli Source 
Significance Mean S q .  F Significance 
so I 
Linear 
Quadratic 
Remainder 
Subjects X SO1 
p 0.001 
p < 0.01 
0.737 
0.851 
0.026 
0.047 
15,7 
18.1 
p < 0,025 
p < 0.01 
62.8 
21.4 
2,78 
" 
6.727 
2.596 
0.298 
0.107 
0.267 
0.378 
0.490 
0.032 
- -. 
0.0102 
0.0018 
6.71 n 
Subjects X n 
0.053 
0.096 
SO1 X n 
Subjects X SO1 X n 
I 
Table  XXIII 
ANALYSIS OF VARIANCE OF THE CONTENT AND SEQUENCE  POSITIONS  PERCEIVED 
Tactile  Stimuli Visual  Stimuli Source 
aean sq.1 F 3ignif  icance M an S q .  F Significance 
so1 
Linear 
Quadratic 
Remainder 
Subjects X SO1 
4.692 
0.490 
0.044 
0.073 
65.6 
6.71 
p c 0,001 
p C 0.05 
8.903 
0.003 
0.098 
0.058 
3.323 
0.0054 
0.205 
0,036 
153.7 
" 
1.69 
615 
5.70 
p < 0.001 
P c 0.05 
" 
n 
Subjects X n 
1.380 55.2 
0.025 
0.015 -- 
0.016 
SO1 X n 
Subjects X SO1 X n 
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TA-6836-46 
FIG. 46 THE  NUMBER OF CONTENT  AND  SEQUENCE  POSITIONS  PERCEIVED 
BY  EACH SUBJECT 
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FIG. 47 AVERAGED  SEQUENTIAL  DATA FROM TWO 
SUBJECTS WITH n = 6 
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p r a c t i c a l l y  d r o p p e d  t o  t h e  t a c t i l e  pe r fo rmance   l eve l .   Wi th   even  greater 
SO1 v a l u e s ,  b o t h  t a c t i l e  a n d  v i s u a l  p e r f o r m a n c e  l e v e l s  are  n e a r l y  t h e  
same . 
In   t he   p rev ious   expe r imen t  ( H i l l  and B l i s s ,  1968b)  the  number  of 
Content  and  Sequence  Pos i t ions  perce ived  w a s  a meaningful  measu re  o f  t h e  
s u b j e c t s '  a b i l i t y  t o  c o r r e c t l y  o r d e r  t h e  s t i m u l i ,  b e c a u s e   t h e  number 
o f   C o n t e n t   P o s i t i o n s   p e r c e i v e d   d i d   n o t   c h a n g e   w i t h  SOI. I n  t h e  p r e s e n t  
expe r imen t  t he  number o f  C o n t e n t  P o s i t i o n s  p e r c e i v e d  i s  n o t  c o n s t a n t  w i t h  
S O I ,  and t h e  number of   Content   and   Sequence   Pos i t ions   perce ived  i s  n o t  
as   meaningfu l .  A more meaningful   measure  of   temporal   accuracy i s  o b t a i n e d  
by c a l l i n g  t h e  number  of  Content  Pos i t ions  perce ived  a t  e a c h  SO1 v a l u e  
100  pe rcen t  and  measu r ing  the  Con ten t  and  Sequence  Pos i t i ons  pe rce ived  
as a percentage   be tween  zero   and  100 p e r c e n t .   T h i s   q u a n t i t y ,   c a l l e d  
Sequence  Accuracy, i s  t h e  p e r c e n t a g e  o f  p e r c e i v e d  p o s i t i o n s  t h a t  were 
r e p o r t e d  i n  t h e  correct  t e m p o r a l  o r d e r .  
The  sequence  accu racy  fo r  bo th  v i sua l  and  t a c t i l e  p a r t s  o f  t h e  ex- 
p e r i m e n t   a r e  shown i n  F i g .  50. Bo th   v i sua l   s equence  accuracy c u r v e s  are 
c o n s i d e r a b l y  h i g h e r  t h a n  t h e  t a c t i l e  c u r v e s w i t h t h e  same S O I ,  i n d i c a t i n g  
t h a t   v i s u a l   t e m p o r a l   r e s o l u t i o n  i s  b e t t e r   t h a n  t a c t i l e .  A l o n g e r  SO1 
i s  n e c e s s a r y  f o r  t h e  t a c t i l e  s e q u e n c e  a c c u r a c y  c u r v e s  t o  r e a c h  t h e  same 
l i m i t  as t h e   v i s u a l   c u r v e s .   F i g u r e  50 shows t h a t   t h e   v i s u a l  time scale  
is a b o u t  t h r e e  times f a s t e r  t h a n  t h e  t a c t i l e  w i t h  n = 4 and  four  times 
f a s t e r  w i t h  n = 6 .   T h e   d i f f e r e n c e  i n  accu racy   ev iden t ly   g rows   w i th   n ,  
because with two s t i m u l i  H i r sh  and  She r r i ck  (1961)  show t h a t  b o t h  v i s u a l  
and t a c t i l e  temporal   imens a re  20 m s .  The r e su l t s  of t h e   p r e v i o u s  
t a c t i l e  e x p e r i m e n t  ( H i l l  and B l i s s ,  1968b)   conducted   wi th  two  and t h r e e  
s t i m u l i  are  shown i n  F i g .  51, t o g e t h e r  w i t h  t h e  t a c t i l e  r e s u l t s  of t h i s  
experiment .   The n = 2 and n = 3 resul ts  were d e s c r i b e d  w i t h  e x p o n e n t i a l  
c u r v e s   w i t h  time cons tan t s   o f   26   and   68  m s .  The   t rend   toward   longer  time 
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FIG. 50 SEQUENCE  ACCURACY FOR BOTH  MODALITIES 
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FIG. 51 SEQUENCE ACCURACY  OBTAINED FROM HILL  AND BLISS 
(1968b) FOR n = 2 AND n = 3 
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cons tan ts  is s u b s t a n t i a t e d  i n  t h i s  e x p e r i m e n t  as t h e  n = 4 and n = 6 time 
c o n s t a n t s  are 320 m s  and 500 m s ,  r e s p e c t i v e l y .  
D.  Tes t s   fo r   Mask ing  
One u n e x p l a i n e d  r e s u l t  of t h i s  e x p e r i m e n t  i s  t h e  d i p  i n  C o n t e n t  
P o s i t i o n s  p e r c e i v e d  f o r  b o t h  m o d a l i t i e s  w i t h  50 t o  100 m s  SO1 v a l u e s .  
The d i p  i s  n o t  s i g n i f i c a n t  w i t h  two a n d  t h r e e  s t i m u l i ,  b u t  becomes  more 
pronounced   wi th   four ,   and  is v e r y   s i g n i f i c a n t   w i t h  s i x .  T h e s e   r e s u l t s  
may b e  similar t o  those of  Mayzner ,  Tressel t ,  and Cohen (1966)  and Mayzner ,  
T r e s s e l t ,   a n d   H e l f e r   ( 1 9 6 7 ) ,  who f o u n d  t h a t  i n  s e q u e n t i a l l y  p r e s e n t e d  
v i s u a l  l e t t e r  s t r i n g s ,  let ters p r e s e n t e d  100 m s  a f t e r  l e t t e r s  p r e v i o u s l y  
p r e s e n t e d  i n  t h e  same s p a t i a l  area s u p p l a n t e d  t h e  p r e v i o u s  l e t t e r s ,  
c a u s i n g  them n o t   t o   b e  seen .  Averbach   and   Corr ie l l   (1961) ,   us ing  a su r -  
r o u n d i n g  r i n g  t o  d e n o t e  a l e t t e r  s e l e c t e d  f o r  r e c a l l ,  found similar 
backward masking induced by the r ing,  which was maximum when t h e  r i n g  
w a s  p r e s e n t e d  100 m s  a f t e r  t h e  l e t te r .  W i t h   s i m p l e   g e o m e t r i c a l   p a t t e r n s ,  
Fehrer  and Raab (1962)  found that  backward masking w a s  v e r y  s i g n i f i c a n t  
and  had a maximum e f f e c t  w i t h  a time i n t e r v a l  o f  7 5  m s .  
I n  o r d e r  t o  see whether  forward or backward masking accounted for 
t h e  d r o p  i n  v i s u a l  a n d  t a c t i l e  l o c a l i z a t i o n  a c c u r a c y  a t  t h e  50- and 
100-ms SOI's n o t e d  p r e v i o u s l y ,  a n  a d d i t i o n a l  a n a l y s i s  o f  t h e  d a t a  was 
made.  The s t i m u l u s   p a t t e r n s   w i t h   e a c h  SO1 were searched   (by  a computer)  
f o r  a l l  cases w h e r e  a n y  p a i r  o f  s t i m u l i  o f  a t r ia l  appea red  in  ne igh -  
b o r i n g  c o l u m n s  o f  t h e  a r r a y s  ( e i t h e r  c o l u m n s  o f  l a m p s  i n  t h e  v i s u a l  p a r t  
or f i n g e r s  i n  t h e  t a c t i l e  p a r t ) .  The   f requency   wi th   which   the   second 
s t i m u l u s  o f  t h e  p a i r  w a s  r e p o r t e d  was t a b u l a t e d  as a f u n c t i o n  o f  t h e  
time d e l a y  ( c a l l e d  p o s i t i v e  s t i m u l u s  i n t e r v a l  i n  F i g .  5 2 )  b e t w e e n  t h e  
p a i r  t o  measure   any   forward   masking .   S imi la r ly ,   the   f requency   wi th   which  
t h e  f i r s t  s t i m u l u s  w a s  r e p o r t e d  as a f u n c t i o n  o f  t h e  time d e l a y  ( n e g a t i v e  
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s t i m u l u s  i n t e r v a l  ) w a s ,  t a b u l a t e d  t o  measure  any  backward  masking.  The 
r e su l t s  of t h e  a n a l y s i s  f o r  t h e  o n e  s u b j e c t  on which it w a s  c a r r i e d  o u t  
are shown in   F ig .   52a   and   52b .   The   cu rves  i n  e a c h  f i g u r e  are hand-drawn 
s m o o t h  c u r v e s  t h r o u g h  t h e  a v e r a g e  h e i g h t s  o f  t h e  d a t a  p o i n t s .  
The re  is some backward  masking  around 100-ms s t i m u l u s  i n t e r v a l s ,  
as ev idenced  by  the  gene ra l ly  lower f r a c t i o n  of correct s t i m u l u s  i d e n t i -  
f i c a t i o n s  i n  t h e  -50 t o  -125 m s  s t i m u l u s   i n t e r v a l   r a n g e   o f   F i g .   5 2 .  The 
m a g n i t u d e   o f   t h i s   d e c r e a s e  i s  o n l y   a b o u t   2 5   p e r c e n t ,   h o w e v e r .   I f  w e  
a c c e p t  t h i s  d i p  as backward  masking, w e  m u s t  a l s o  a c c e p t  t h a t  t h e  similar 
b u t  s l o w e r  d r o p  i n  s t i m u l u s  i d e n t i f i c a t i o n s  w i t h  p o s i t i v e  s t i m u l u s  i n t e r -  
va ls   represents   forward   masking .   I f   backward   masking  were t o   a c c o u n t   f o r  
t h e  50 p e r c e n t  d r o p  i n  t h e  C o n t e n t  P o s i t i o n s  p e r c e i v e d  i n  F i g .  47 w i t h  
n = 6 ,  t h e n  t h e  d a t a  p o i n t s  b e t w e e n  -50 and  -100 m s  in  F ig .  52a  would  
have   to   d rop   to   a lmost   zero .   Thus   backward   masking   does   no t   account   for  
a l l  o f  t h e  c o n t e n t  d a t a ,  b u t  may a c c o u n t  f o r  some of  i t .  
I n  o r d e r  t o  f u r t h e r  c o n f i r m  w h e t h e r  e v i d e n c e  f o r  some backward mask- 
i n g  i s  g i v e n  by t h e  d a t a ,  s t i l l  a n o t h e r   a n a l y s i s  was made.  The s e q u e n t i a l  
d a t a  w i t h  SO1 = 0 and 50 m s  were used  to  compute  the  f requency  wi th  which  
t h e  f i r s t  a n d  s e c o n d  s t i m u l u s  o f  e a c h  s u c c e s s i v e  p a i r  o f  s t i m u l i  was 
r e p o r t e d .   I n   t h i s  case,  t h e   r e p o r t i n g   a c c u r a c y  w a s  t a b u l a t e d   v e r s u s  
s t imu lus   pac ing   i n   co lumns .   The  r e su l t s  are  shown i n   F i g .  5 3 .  I f   o n l y  
s p a t i a l l y  d e p e n d e n t  m a s k i n g  a c c o u n t e d  f o r  t h e  d i p  i n  C o n t e n t  P o s i t i o n  
p e r c e i v e d  shown i n  F i g .  47,  t h e n  w i t h  l a r g e  s t i m u l u s  s p a c i n g ,  t h e  50 m s  
r e s u l t s  o f  F i g .  53 s h o u l d  b e  t h e  same as t h e  s i m u l t a n e o u s  ( 0  m s )  r e s u l t s  
w i t h  t h e  same spac ing ;  and  wi th  small s t i m u l u s  s p a c i n g  t h e  50 m s  r e s u l t s  
shou ld   be  close to  z e r o .  I n  c o n c l u s i o n ,  w e  must s a y  t h a t  i f  e i t h e r  
forward  or  backward  masking is p r e s e n t  i n  t h i s  e x p e r i m e n t ,  i t  is n o t  a 
l a r g e  e f f e c t  a n d  d o e s  n o t  d e p e n d  o n  s t i m u l u s  s p a c i n g .  
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FROM SO1 = 0 AND 50 rns DATA WITH n = 6 
E. Discussion 
To provide  further  data  for  distinguishing  between  different  models 
for sequential stimul1.i.s perception,  the  reporting  accuracies  for  each 
stimulus  in  the  stimulus  sequence were calculated.  These  data  at  a  given 
stimulus  sequence  position  (for example, the  first  stimulus of a trial 
occurs  in  stimulus  sequence  position  number one) indicate  the  fraction 
of the  time  that  the  stimulus  was  perceived.  The  fraction  of  stimuli 
perceived  are  the  guessing-corrected  p  of  Model I1 described  by Hill 
and  Bliss (1968a). Here  the index i is  the  stimulus  sequence  position. 
i 
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I f  a form of backward masking influenced the data ( l a t e r  s t i m u l i  
reducing the accuracy of  earlier s t i m u l i ) ,  t h e n  t h e  50- and 100-ms 
curves should be upward s lop ing ,  w i th  h ighe r  s co res  on la te r  s t i m u l u s  
sequence   pos i t ions .   This  i s  no t   t he   ca se ;   i ndeed ,   t hese   cu rves  are 
downward s loping.   These results a l s o  r u l e  o u t  a push-down-store  model, 
but   not  a f i r s t - in- f i r s t -out   model .   For  SO1 va lues  up t o  100 m s ,  t h e  
curves  of Fig .  54 d e c r e a s e  f a i r l y  u n i f o r m l y ,  i n d i c a t i n g  t h a t  t h e  s t i m u l u s  
sequence   pos i t ion  is n o t  i m p o r t a n t  i n  t h i s  r a n g e .  With SO1 of  100  and 
200 m s ,  t h e  f i r s t  s t i m u l i  become more accu ra t e ly  r epor t ed  a t  the  expense  
o f  t h e  l a s t  few s t imu l i  i n  t he  sequence .  
F u r t h e r  d e t a i l e d  a n a l y s i s  of t h i s  s e q u e n t i a l  d a t a  s h o u l d  b e  accom- 
panied by fur ther   experimentat ion.   For   example,   before   consider ing 
d e t a i l e d  models encompassing both this and previous  da ta ,  the  reason  
f o r  t h e  d r o p  i n  l o c a l i z a t i o n  a c c u r a c y  w i t h  SO1 of 50 t o  100 m s  should be 
f u r t h e r  t e s t e d .  I f  t h e  d r o p  were due   t o   sub jec t s   pay ing  less a t t e n t i o n  
to  the  loca t ion  o f  s t imu l i  s imp ly  because  t empora l ly  o rde r ing  the  s t imu l i  
w a s m o r e d i f f i c u l t  a t  t h e s e  o n s e t  i n t e r v a l s ,  a sequent ia l  experiment  re- 
q u i r i n g  s u b j e c t s  o n l y  t o  l o c a t e ,  n o t  t o  o r d e r ,  t h e  s t i m u l i  would show 
i f  t h e  o n s e t  i n t e r v a l  d e p e n d e n t  r e s u l t s  were due  to  the  s t imu l i  o r  t o  
the  experimental   procedure.   This   data   might   be  accounted  for  by a 
constant  information  model.  A computation of t h e  c o n t e n t  and the  se- 
quence information t ransmit ted would show w h e t h e r  t h e  s u b j e c t s  i n  t h i s  
experiment were t r a d i n g  s p a t i a l  f o r  t e m p o r a l  i n f o r m a t i o n  i n  t h e i r  t a s k .  
The r e s u l t s  of t h e  v i s u a l  and t a c t i l e  e x p e r i m e n t s  show t h a t  w i t h  a 
l a r g e r  number of s t i m u l i ,  v i s u a l  t e m p o r a l  r e s o l u t i o n  i s  much b e t t e r  
t h a n  t a c t i l e .  T h e s e  s e q u e n t i a l  results seem t o  t i e  i n  with  those  of  
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reaction  time  experiments  that  show  that  with one stimulus  both  visual 
and  tactile  simple  reaction  time  are  the same, but  that  with  several 
stimuli, visual choice  reaction  times  are  shorter  than  tactile  (Bliss, 
1966, Fig. 45). Both  the  sequential  and  choice  reaction  time  results 
may  be a consequence of using  the same tactile  and  visual  decision-making 
mechanisms. 
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X A COMPUTER PROGRAM  FOR  ON-LINE  COMPENSATORY  TRACKING 
I n  o r d e r  t o  h e l p  i n v e s t i g a t e  t h e  p e r c e p t u a l  a n d  m o t o r  c h a r a c t e r i s t i c s  
of a human o p e r a t o r ,  w e  have developed a computer program to  r u n  compen- 
s a t o r y  t r a c k i n g  e x p e r i m e n t s  i n  e i t h e r  of t w o  modes. In   one  case, t h e  t a s k  
i s  t h e  s o - c a l l e d  c r i t i c a l  t a s k  (Jex,  McDonnel,  and P h a t a k ,  1966), i n  which 
t h e  c o n t r o l l e d  e l e m e n t  is u n s t a b l e  and  becomes  increas ingly  uns tab le  through 
t h e   c o u r s e   o f   t h e  t r i a l .  When t h e  o p e r a t o r  f i n a l l y  l o s e s  c o n t r o l ,  an  in-  
s t a b i l i t y  p a r a m e t e r  ( w h i c h  i n  t h i s  c a s e  i s  t h e  i n v e r s e  of t h e  o p e r a t o r ' s  
" e f f e c t i v e   d e l a y  time") i s  typed   ou t .   I n   t he   o the r   mode ,   t he   l eng th   o f  a 
t r i a l  i s  p r e d e t e r m i n e d ,  and a t  t h e  end  of a t r i a l  F o u r i e r  sums are typed 
out .   Another   p rogram  on   another   computer   reads   these  sums a n d   c a l c u l a t e s  
t h e  o p e r a t o r ' s  o p e n  l o o p  Bode p l o t .  
The g e n e r a t e d  command s i g n a l  i s  t h e  sum of 10 s i n u s o i d s  ( n o t  h a r -  
m o n i c a l l y  r e l a t e d )  w i t h  a f l a t  s p e c t r u m  e x t e n d i n g  f r o m  0.02 t o  2 H z ,  and 
t h e  F o u r i e r  sums a r e  t a k e n  a t  t h o s e  f r e q u e n c i e s  and a t  z e r o  f r e q u e n c y .  
S i n c e  t h e  t i m i n g  i s  p r e c i s e l y  i d e n t i c a l  f o r  t h e  command and a n a l y s i s ,  t h e  
program yie lds  an  accura te  measure  of t h e  o p e r a t o r ' s  t r a n s f e r  f u n c t i o n  a t  
t h e  command f r e q u e n c i e s .   I n   o r d e r   t o   e l i m i n a t e   a n y   r o u n d   o f f  errors, t h e  
sums are 10 d i g i t s   w i d e ,   w i t h   n o   i n t e r n a l   r o u n d i n g .  Of  t h i s ,  a b o u t  3 f i g -  
u r e s  are s i g n i f i c a n t .  The t racking   program  goes   th rough i t s  main  loop  of 
u p d a t i n g  t h e  command s igna l  and  a l l  t h e  sums a t  a ra te  of 60 H z ,  which i s  
much h i g h e r  t h a n  t h e  h i g h e s t  f r e q u e n c y  o f  i n t e r e s t .  
The F o u r i e r  sums are k e p t  f o r  a n y  2 o f  t h e  s i g n a l s :  o p e r a t o r ' s  
r e s p o n s e ,  c o n t r o l l e d  e l e m e n t  p o s i t i o n ,  a n d  error ( t h e  d i f f e r e n c e  b e t w e e n  
t h e  command a n d   t h e   c o n t r o l l e d   e l e m e n t ) .   I n   a d d i t i o n ,   i f  a d i s p l a y   s y s -  
t e m  w i t h  n o n t r i v i a l  d y n a m i c s  m a k e s  a v a i l a b l e  a s i g n a l  c o r r e s p o n d i n g  t o  
135 
t h e  d i s p l a y e d  e r ror ,  a l l  o t h e r  h a r d w a r e  a n d  software l i n k s  ex is t  t o  make 
t h i s  s i g n a l  t h e  s o u r c e  of o n e  of t h e  t w o  sets of F o u r i e r  s u m s .  
F i g u r e  55 shows a f u n c t i o n a l  b l o c k , d i a g r a m  of t h e  t r a c k i n g  t a s k .  
A l l  b l o c k s  e x c e p t  t h e  d i s p l a y  a n d  t h e  o p e r a t o r  are r e a l i z e d  w i t h i n  t h e  
t r a c k i n g   p r o g r a m .   T h e r e  are t w o  modes i n   w h i c h   t h e   e x p e r i m e n t  i s  r u n :  
c r i t i c a l  a n d   F o u r i e r .   I n   t h e   F o u r i e r  mode t h e r e  are t h r e e  sets of con- 
t r o l l e d  e l e m e n t  d y n a m i c s :  u n s t a b l e  [ w i t h  t r a n s f e r  f u n c t i o n  h / (  s - h )  ], 
i n t e g r a t i n g  (l/s), a n d   s t r a i g h t  (1). T h e   s e q u e n c i n g   f u n c t i o n s   n o t  shown 
o n   t h e   d i a g r a m  are as f o l l o w s .   I n   t h e  c r i t i c a l  mode, 5 t r i a l s  are  run  
w i t h o u t  i n t e r v e n t i o n ,  a n d  h i s  p r e s e t  t o  a c o n s t a n t  i n i t i a l  v a l u e  a t  t h e  
b e g i n n i n g   o f   e a c h  t r i a l .  I n   t h e   F o u r i e r   m o d e ,  t r i a l s  are r u n   s i n g l y ,   a n d  
e a c h  c o n s i s t s  o f  a warm-up p e r i o d  of a b o u t  10 seconds ,  fo l lowed  by  a p e r j o d  
of a b o u t  4-1/2 m i n u t e s   d u r i n g   w h i c h   t h e   F o u r i e r   s u m s  are  t a k e n .   T h e   f r e -  
quency   of  a command or a n a l y s i s  c o m p o n e n t  i s  s p e c i f i e d  as t h e  number  of 
c y c l e s  o f  t h a t  c o m p o n e n t  d u r i n g  t h e  4 - 1 / 2 - m i n u t e  d a t a - t a k i n g  p o r t i o n  of 
t h e  e x p e r i m e n t ,  so i t  i s  g u a r a n t e e d  t h a t  t h e  a n a l y s i s  i n t e r v a l  i s  an  
i n t e g r a l  n u m b e r  of c y c l e s  f o r  each  component .  - 
l e 1  - L & h x'= k, for h < e, s +  I x' = k2  for h 2 ec 
I i f  critical End of trial and set X if - Fourier unstable output A if Jel > display 0 i f  Fourier limit 
t 4 -
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1 if direct 
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2 sums for each of I1 components 
of 2 signals 
FIG. 55 BLOCK DIAGRAM  OF  THE  GENERAL PURPOSE TRACKING PROGRAM 
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XI DESIGN OF A TACTILE  TRACKING  TASK TO MEASURE  SPATIAL  RESOLUTION 
A. Introduction 
Considerable  evidence  suggesting  that  tactile  sensibility to 
mechanical  stimulation  is  mediated by  two  different  neurological 
systems has  been  accumulated  by  numerous  independent  investigators  in 
neurophysiology  and  psychophysics.  These  findings  suggest a model  for 
taction  that  has  important  implications  both  to  the  development  of 
tactile  communication  systems  and  to  research  aimed  at  the  further 
understanding  of  sensory  systems.  This  model  will  be  described first, 
together with some  supporting  evidence.  Then  a  tactile  tracking  task 
will  be  described  to  investigate  certain  aspects  of  this  model. 
The  model  consists  of  two  separate  subsystems.  One  subsystem, 
which  we  have  named  the  high  resolution system,  exhibits good  spatial 
discrimination but  has a  relatively  high  threshold  to  touch.  The 
second  subsystem  is a low  spatial  resolution  system  and  has a lower 
threshold  to  touch. An  initial  basis  for  this  model  is  suggested by 
the results  of  Mountcastle,  et al, (1967), who found in glabrous s k i n  
of man  and  monkey  evidence  for  two  different  peripheral  neural  systems 
responsible  for  the  sensation of flutter  or  vibration.  One  system of 
receptors  was  more  sensitive  at  low  frequencies  and  had  better  spatial 
resolution  than  the  other  system. Thus, of the  myelinated  afferents 
innervating  the  hand,  Mountcastle  describes  three  types  that  might 
signal  oscillatory  movement  of  the s k i n  surface. Two of  these  types 
innervate  the  dermal  ridges,  one  of  which  responds t  a step  indentation 
of the skin  surface  with a high-frequency  discharge  that  declines  within 
100 to 200 ms to  a  more or less  steady  rate.  The  other  of  these  dermal 
ridge receptors can account  for  human  touch  sensitivity  in  the 
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range of 2 t o  40 Hz, and no o t h e r  a f f e r e n t s  i n n e r v a t i n g  t h e  s k i n  of t h e  
hand have  been  discovered  that   could  do so, These  dermal ridge r e c e p t o r s  
a r e  t h o u g h t  t o  p r o d u c e  s e n s a t i o n s  l o c a l i z e d  t o  t h e  s k i n  a t  t h e  s i te  
s t imu la t ed .  In  our model w e  would a s s o c i a t e  these r e c e p t o r s  w i t h  t h e  
high-resolut ion subsystem. 
The t h i r d  mechanoreceptor, which  inne rva te s  the  hand and is  thought 
t o  p l a y  a r o l e  i n  the  sense  of  v ibra t ion ,  lies in  deep  t i s s u e ,  is ex- 
t r e m e l y  s ens i t i ve  a t  op t ima l  f r equenc ie s  o f  150 t o  250 cps,   and is 
t h o u g h t   t o   t e r m i n a t e   p e r i p h e r a l l y   i n   P a c i n i a n   c o r p u s c l e s .  These  re- 
cep to r s  a re  though t  t o  p roduce  sensa t ions ,  desc r ibed  a s  v ib ra to ry  hum 
deep  within  the  hand,  which  spread so t h a t  a c c u r a t e  l o c a l i z a t i o n  is i m -  
poss ib l e .  Thus w e  a s soc ia t e   t he   Pac in i an   co rpusc le s   w i th  t h e  low- 
resolut ion  subsystem.  Figure 56 schemat i ca l ly   r ep resen t s   Moun tcas t l e ' s  
resul ts .  
Lindblom  (1965)  and  Lindblom  and Lund (1966)  a l so  s tud ied  t h e  
t a c t i l e  r e c e p t o r s  i n  g l a b r o u s  s k i n  o f  monkeys and  s imi la r ly  found two 
types  of   sensory  uni ts .  One group had in t r acu taneous ly   l oca t ed  re- 
c e p t o r s  and   smal l   c i rcumscr ibed   recept ive   f ie lds .  The other   group is 
suppl ied  by subcutaneous ly  loca ted  receptors  w i t h  extremely low th re sho ld  
a n d  h a s  l a r g e  r e c e p t i v e  f i e l d s  w i t h  d i f f u s e  borders .  The resu l t s  of 
these experiments  complement the  s t eady- s t a t e  results of Mountcastle, 
e t  a l .  ( 1 9 6 7 ) ,  i n  t h a t  r e s p o n s e s  t o  t r a n s i e n t  d i s p l a c e m e n t s  of t h e  s k i n  
a r e  s t u d i e d .  
Cons ide r ing  h ighe r  l eve l s  of neu ra l  func t ion ,  Moun tcas t l e  a l so  
d i scusses  t h e  somatic sys t em i n  terms of two subsys t ems .  One of these 
neura l  s y s t e m s ,  c a l l e d  t h e  lemniscal  s y s t e m ,  c o m p r i s e s   f i r s t - o r d e r  
a f f e r e n t s  f r o m  the per iphery ,  w h i c h  p r o j e c t  v i a  t h e  d o r s a l  columns upon 
r e l a y  n u c l e i  of t h e  d o r s a l  column nucle i ,  and  thence  upon c e l l s  of t h e  
ventrobasal nuclear complex of t h e  thalamus,  and  from there upon ce l l s  
of t h e  pos t -cent ra l   gyrus  of the   co r t ex .  T h i s  s y s t e m ,  Mountcastle 
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s t a t e s ,  ... is des igned   to   se rve   the   d i scr imina t ive   forms   of   somat ic  
s e n s i b i l i t y  a n d  c e r t a i n  of i t s  p r o p e r t i e s  endow it  w i t h  a n  e x q u i s i t e  a'nd 
p r e c i s e  c a p a c i t y  t o  p r e s e n t  t o  h i g h e r  l e v e l s  o f  t h e  b r a i n  n e u r a l  t r a n s -  
forms concerning the posi t ion,  form or contour,  and change with time of 
t h e  p e r i p h e r a l  s t i m u l u s . ' t  
11 
The second sys t em,  ca l l ed  the  sp ino tha lamic  sys t em,  becomes anatomi- 
c a l l y  s e p a r a t e  a t  t h e  l e v e l  of d o r s a l  r o o t  e n t r y ,  where t h e r e  is a massive 
offshoot ,  impinging upon polysynapt ic  mechanisms  of t h e  d o r s a l  h o r n s  a t  
the  segmenta l  l eve l  and  serv ing  re f lex  func t ions  of many s o r t s ,  t h u s  
yielding another  great  ascending pathway,  t h e  an tero la te ra l  co lumns .  
Regard ing  th i s  sys tem,  Moun tcas t l e  s t a t e s :  
"The spinothalamic s y s t e m ,  on t h e  other   hand,  seems 
t o  be concerned with much more genera l  aspec ts  of  
sensa t ion  and  to  t ransmi t  in format ion  concern ing  
the  quan t i t a t ive  na tu re  o f  pe r iphe ra l  even t s ,  r a the r  
t han   p l ace ,   pa t t e rn ,   o r   t empora l   cadence .  The v e r y  
widespread project ion of  some components of the 
ascending s y s t e m s  of t h e  a n t e r o l a t e r a l  columns  of 
t h e  sp ina l  co rd  upon t h e  r e t i c u l a r  f o r m a t i o n s  of 
medulla  and  midbrain,  and upon t h e  in t raminar  
nuc le i   o f   the   tha lamus ,   p red ic t s  i t s  prepotent  
r o l e  i n  a r o u s a l  and i n  what might loosely be c a l l e d  
the  vega ta t ive  func t ions . "  
Other  support ing evidence for t h i s  model comes from psychophysical 
and   evolved   po ten t ia l   exper iments .   Verr i l lo   (1963,  1965)"who s t u d i e d  
p s y c h o p h y s i c a l  v i b r o t a c t i l e  t h r e s h o l d s  a s  a f u n c t i o n  of con tac to r  a rea ,  
f requency of s t i m u l a t i o n ,  and s t i m u l u s  duration--concluded  that  t h e  
response to  mechanical  displacement  of t h e  s k i n  m u s t  be mediated by more 
than one receptor  s y s t e m  because of the t y p e s  of th reshold  response  
c u r v e s  t h a t  he found.   In   his   experiments   he  considered  f requencies  be- 
tween 25 and 640 Hz, a r eas  o f  con tac to r s  of 0 .05  to  5 cm2, and s t i m u l u s  
d u r a t i o n s  t o  2 seconds; He found   t ha t  w i t h  low f r equenc ie s  and  small 
con tac to r s ,  t h e  abso lu t e  th re sho ld  for v i b r a t i o n  seems t o  be independent 
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of frequency and s t i m u l u s  dura t ion ,  whereas  the  threshold  seems t o  be 
dependent upon frequency,  contact  area,  and s t i m u l u s  d u r a t i o n  f o r  h i g h e r  
values  of t h e s e  parameters .  H e  s t a t e s  ' t h a t ,  a l t h o u g h  d i rec t  evidence is 
l ack ing ,  two sets o f  r ecep to r s  is a log ica l  conclus ion  f rom the  r e s u l t s  
he has determined. 
F ruhs to r fe r  (1967) ,  who used var ious ampli tudes of  vibratory pulses ,  
showed tha t  t he  s t imu lus  ampl i tude  was r e l a t e d  t o  t h e  a v e r a g e  c o r t i c a l  
evoked   po ten t ia l .  He measured  the  area  under  the  average  evoked- 
p o t e n t i a l  waveform ( c o r r e s p o n d i n g  t o  t h e  l a t e r  components of A l l i s o n ,  
1962), and found a power  law re la t ionship  be tween the  a rea  of t h e  wave- 
form  and  the  amplitude of t h e  s t i m u l u s .  The  power l a w  r e l a t i o n s h i p  t h a t  
he  found is not   cont inuous,  however. For low i n t e n s i t i e s  h e  s t a t e s  t h a t  
t h e  exponent is  0 .1 ,  and f o r  h i g h e r  i n t e n s i t i e s  t h e  exponent is about 
0.5. H e  g o e s   o n   t o   s a y   t h a t   ( i b i d . ,  p ,  49) t h i s   d i s c o n t i n u i t y  seems 
t o  imply two sets of r e c e p t o r s  w i t h  d i f f e r e n t  t h r e s h o l d s .  H e  sugges ts  
t ha t  t he  in fo rma t ion  t r ansmi t t ed  by these two recep to r  sets is of 
d i f f e r e n t  s i g n i f i c a n c e  t o  t h e  c o r t i c a l  u n i t s  whose a c t i v i t y  he measured. 
- 
B. A Tacti le  Tracking  Experiment 
In previous measurement of t a c t i l e  s p a t i a l  r e s o l u t i o n  ( B o r i n g ,  
1942, Chap. 13;  Kotovsky  and B l i s s ,  1963; Verrick, 1967)   and   t ac t i l e  
temporal   resolut ion  (Efron,   1961;   Hirsh  and  Sherr ick,   1961;   Gescheider ,  
1966; B l i s s ,  1966, Chap. I1 and 111)  d e l i b e r a t e  c a r e  was no t   t aken   t o  
s e p a r a t e l y   s t i m u l a t e   t h e  two poss ib le   t ac t i le   subsys tems,   These   ex-  
p e r i m e n t s  u t i l i z e d  e i t h e r  b r i e f  p u l s e d  s t i m u l i  or v i b r a t o r y  s t i m u l i  
t h a t  make and  break  contact  with  the  skin.   Both of these methods, 
however,  generate  both  high-  and  low-frequency  components  and  can t h u s  
s t imu la t e  the  h igh -  a s  well a s  t he  low- reso lu t ion  s y s t e m .  
The t racking paradigm descr ibed here  a l lows information to  be pre- 
s e n t e d  t o  t h e  s k i n  i n  a narrow  bandwidth ( 0  to 2 Hz) t h a t  may be centered  
14 1 
at frequencies  from 0 to 500 Hz. Varying  the  intensity  and  center  fre- 
quency  of  the  stimulator  can  selectively  force  the  tactile  information 
to  be  mediated  by one tactile  system  or  the  other,  thereby  enabling  the 
spatial  and  temporal  properties  of  each  system  to  be  measured, 
The  stimulators  for  this  experiment  are  a  pair  of  electromechanical 
transducers  that  apply  precisely  controlled  displacement  waveforms  to 
the  skin. The  design for these  stimulators  is  shown  in  Fig. 57. Both 
stimulators  are in contact  with  the  skin,  and  a  mechanical-to-electrical 
transducer  enables  the  resultant  skin  displacement  to  be  measured. 
The  sensation  from two  separate  stimulators on the skin  can be 
either  two  sensation  points or one  point  whose  perceived  location 
MOUNTING PLATE 
COMPLIANCE  LOAD 
ME TRANSDUCER 
TA-74b.582-IS 
FIG. 57 DESIGN OF THE  TACTILE  STIMULATORS FOR 
TRACKING  EXPERIMENT 
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depends on the relative  intensities  of the  two stimulators,  the  per- 
ceived  location  being  nearer  the  more  intense  stimulator (von Bekesy, 
1957; Kotovsky  and Bliss, 1963). Regardless  of  which  way  the  two  stimuli 
are perceived,  the  subject's task  would  be  to  adjust  the  two  stimulators 
to  equal  intensity  using a  control  stick (or alternatively, to  center  the 
apparent  location  of  the  stimulus  midway  between  the two  stimulators). 
For training  purposes  reinforcement  could  be  given  the  subject y 
turning on a  light  whenever  the  error  is  zero.  The  control  loop for 
this  task  is  shown  in  Fig. 58. (Some controlled  dynamics  may  be  intro- 
duced  in  the loop to constrain  performance  and  reduce  variaEility.) A 
command  signal  composed of frequencies from 0.05 to 2 Hz will  cause a 
shift in  the relative  intensities  at  the  two  stimulator  positions (the 
sum  of  the  intensities  is  always  constant).  The  subject  moves a control 
stick  to counteract  this  command  signal,  trying  to  keep  the  intensities 
equal or trying  to  position  the  stimulus at the  central  location. 
$> 
The  spatial  resolution  of the  tactile  system  can  be  measured  as  
function of stimulator  frequency  and  intensity b measuring  some  signal 
property,  such  as  the  power  in  the  error  signal, as a function of  the 
stimulator  separation,  When  the  stimulators  are  closer  than  the  two- 
point  limen,  the  subject  does  not  get  any  tracking  information  and  the 
error  signal  power  is  greatest.  When  the  stimulators  are  further apart, 
and  distinguishable,  the  subject  will be able  to  track  the  error  signal 
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a n d  t h e  e r r o r  power w i l l  be minimum, These  hypothet ical   changes  are  
i l l u s t r a t e d  i n  F i g .  5 9 ( a )  a l o n g  w i t h  the  da t a  usua l ly  ob ta ined  us ing  t h e  
yes-no  method  of  measuring t h e  l imen [Fig.  59( b) ] .  From t h e  p o i n t  of. 
view t h a t  t h e  limen is t h e  s p a c i n g  a t  w h i c h  t h e  two s t i m u l i  a r e  d i s -  
t i ngu i shab le  50 percent  of t h e  time, both methods should yield t h e  same 
l imens.  A check  comparison of t h e  two methods  should  be made t o  d e t e r -  
mine  what d i f f e rences ,  i f  any ,  ex i s t  be tween  these two methods, 
MAX. POWER 
MIN. POWER 1- --- 
I 
STIMULATOR SPACING 
- 
2 POINT L I M E N  
STIMULATOR SPACING 
FIG. 59 HYPOTHETICAL  RESULTS FROM 
SPATIAL  RESOLUTION  RESULTS 
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One advantage of the tracking method over the yes-no method is' t h e  
amount o f ' t i m e  i t  t a k e s  to  c o l l e c t  s u f f i c i e n t  d a t a  t o  de te rmine  the  
l imen .   De te rmin ing   t he   l imen   f rom  the   t h re sho ld   cu rve  of F i g .   5 9 ( b ) ,  
t y p i c a l l y  r e q u i r e s  10 t r ia ls  t a k e n  a t  e a c h  of 10 s t i m u l a t o r  s p a c i n g s .  
The time r e q u i r e d  to  col lect  t h i s  d a t a  is about  one-ha l f  hour  per  l imen 
(Carmon, 1968). To de te rmine   t he   l imen   f rom  the   e r ro r  power curve ,  
t h e  e r r o r  power is measured a t  e a c h  of 10 s t i m u l a t o r   s p a c i n g s ,  The 
t r a c k i n g - t i m e ' i n t e r v a l  t o . a c c u r a ' t e l y  m e a s u r e  t h e  error power ( w i t h  a 
0.05-Hz lowest component i n   t h e  command s i g n a l )  is 10 seconds.  The 
t i m e r e q u i r e d  t o  c o l l e c t  t h e  same d a t a  w i t h  t r a c k i n g  is  thus  only  a few 
minutes  
T e m p o r a l  r e s o l u t i o n  o f  t h e  t a c t i l e  s y s t e m  can be measured as  a 
f u n c t i o n  o f  s t i m u l a t o r  f r e q u e n c y  a n d  i n t e n s i t y  by t a k i n g  t h e  F o u r i e r  
t r a n s f o r m  of the  sub jec t ' s  open- loop  r e sponse  when t h e  s t i m u l a t o r s  
s p a c i n g  is l a r g e r  t h a n  t h e  two-point   l imen  or  by running  t h e  s u b j e c t  
i n  a " c r i t i c a l   t r a c k i n g   t a s k "  mode ( B l i s s ,  1967) .  Besides  comparing 
t a c t i l e  t e m p o r a l  r e s o l u t i o n  w i t h i n  t h e  e x p e r i m e n t ,  t a c t i l e  t r a c k i n g  
p a r a m e t e r s  o b t a i n e d  i n  t h i s  f a s h i o n  c a n  b e  c o m p a r e d  w i t h  t h e  v i s u a l  
t r a c k i n g   p a r a m e t e r s   i n   t h e   l i t e r a t u r e  (McRuer ,  Graham, Krendel,  and 
R e i s e n e r ,  1965) .  One of t h e   i n t e r e s t i n g   p o t e n t i a l s   o f  t h i s  experiment  
i s  t h a t  o f  measu r ing  the  t empora l  r e so lu t ion  wi th  c lose ly  spaced  s t i m u -  
l a t i o n ,  i . e .  to  f i n d  t h e  t r a d e  o f f  be tween   spa t i a l   and   t empora l  
r e s o l u t i o n .  
The main  ' advantages  of  th i s  t racking  paradigm over  o ther  methods  
t h e n  a r e  t h a t  (1) i t  is e f f i c i e n t  i n  c o l l e c t i n g  d a t a ,  ( 2 )  b o t h  s p a t i a l  
a n d  t e m p o r a l  r e s o l u t i o n  a r e  m e a s u r e d  b y . t h e  same experiment ,  and (3) 
e a c h  n e u r o l o g i c a l  t a c t i l e  s y s t e m  c a n  b e  s t i m u l a t e d  s e p a r a t e l y ,  s i n c e  t h e  
t r ans i en t s  i n t roduced  in  mak ing  and  b reak ing  con tac t  w i th  the  sk in  do  
n o t  a f f e c t  t h e  resu l t s .  
C .  Other  Possible  Experiments 
The model proposed here  suggests  many o ther  poss ib le  exper iments .  
For example,  an extension of the experiment described above would  be t o  
have one s t imulator  exci t ing one of t he  t ac t i l e  subsys t ems  and  the  o the r  
s t imu la to r   exc i t i ng   t he   o the r   subsys t em,   In   t h i s  way i n t e r a c t i o n s  be- 
tween the  two subsystems could be s tud ied .  
A s  another  example,  B l i s s ,  e t  a l .  (1966)  and H i l l  and B l i s s  (1968a) 
g ive  ev idence  for  a s h o r t - t e r m  t a c t i l e  memory wi th  g rea t e r  capac i ty  
than t h e  immediate memory and a d u r a t i o n  of a few seconds.  Those  ex- 
per iments  on  shor t - te rm tac t i le  memory were not  designed w i t h  t he  two 
subsystem models of t a c t i l e  p e r c e p t i o n  i n  mind so t h a t  i t  cannot be 
determined from that  data  j u s t  how to  appor t ion  the  shor t - te rm memory 
between  the two t ac t i l e  subsys t ems .  
Exper imen t s  t o  r e so lve  th i s  ques t ion  and  in t eg ra t e  t h e  t a c t i l e  
memory model descr ibed  by H i l l  and B l i s s  (1968a) w i t h  the  neuro logica l  
model descr ibed  here would be e s p e c i a l l y  r e l e v a n t  t o  t h i s  r e sea rch .  
These  f ind ings  shou ld  a l so  be impor t an t  t o  o the r  t ypes  of t a c t i l e  
d i sp lays ;  for  example ,  for  the  deaf  and  for  sensory  feedback  in  pros-  
thesis  and o r t h o t i c s ,  
D. A Preliminary  Experiment 
To e x p l o r e  t h e  p o t e n t i a l  of d e s c r i b i n g  f u n c t i o n  a n a l y s i s  of t r ack -  
ing  behavior  as  a way of determining t h e  c h a r a c t e r i s t i c s  of t a c t i l e  
information  processing,  a prel iminary  experiment   has   been  run.   In   this  
experiment,  t h e  a b i l i t y  of a s u b j e c t  t o  t r a c k  r e l a t i v e  t a c t i l e  i n t e n s i t y  
changes was t e s t e d  for two s t imula tor  f requencies  and  three  s t imula tor  
spacings.  
In choos ing  the  s t imula tor  f requencies ,  w e  a t tempted  to  p ick  va lues  
t h a t  would on ly  s t imu la t e  ne rve  f ibe r s  i n  one  o f  t he  two neuro log ica l ly  
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d i s t i n g u i s h a b l e  sys t ems .  F igure  60  shows a summary of  data  taken  from 
F igs .  21 and 24 and Table 4 of Talbot  e t  a l .  ( 1968) T We chose 10 H z  and 
250p as  condi t ions  to  pr imar i ly  s t imula te  the  low-f requency  h igh-  
r e s o l u t i o n  s y s t e m  and  300 H z  and 5Op a s  c o n d i t i o n s  t o  p r i m a r i l y  s t i m u l a t e  
the  high-frequency  low-resolution sys tem.  St imulator   spacings  of  4 ,  6 ,  
and 10 mm were chosen  on  the  f inger t ip .  
The computer program described in Sec. V was used w i t h  veh ic l e  
dynamics of KI/s and a command signal bandwidth from 0.0073 to 0.36 H z .  
Each d e s c r i b i n g  f u n c t i o n  was determined  from a 273-second run.  To 
e l imina te  any  poss ib i l i t y  o f  aud i to ry  cues ,  t h e  modulation frequency 
was p layed  through earphones  tha t  covered  the  subjec t ' s  ears .  
Only  one subject  has  been tested t h u s  f a r  i n  these exp lo ra to ry  
e x p e r i m e n t s .   I n i t i a l   t r a i n i n g  of t h i s  subjec t   cons is ted   o f  t h e  fo l lowing  
sequence   o f   t r i a l s .  An osc i l l o scope  was a r r anged   t o   d i sp l ay   t he   e r ro r  
s i g n a l ,  and  the  subject  was i n s t r u c t e d  t o  t r a c k  v i s u a l l y  w h i l e  s i m u l -  
t a n e o u s l y   f e e l i n g  t h e  t a c t i l e   s t i m u l a t o r s .  The r e l a t i v e   i n t e n s i t i e s  of 
t h e  t a c t i l e  s t i m u l a t o r s  a l s o  i n d i c a t e d  t h e  e r r o r ,  and  the  frequency of 
t h e  s t i m u l a t o r s  was i n i t i a l l y  se t  a t  10 H z .  After   one  run of bo th   v i sua l  
and t a c t i l e  t r a c k i n g ,  t h e  o sc i l l o scope  was disconnected  and t h e  sub jec t  
was i n s t r u c t e d   t o   t r a c k   t h e   t a c t i l e   s i g n a l s .   T h e s e  two r u n s  were  then 
repea ted  w i t h  t h e   t a c t i l e   s t i m u l a t o r s  se t  t o  300 H z .  T h i s  sequence  of 
four  runs  was then  repea ted .  
Af t e r  t h i s  t r a i n i n g ,  t e s t i n g  c o n s i s t e d  o f  a l t e r n a t i n g  r u n s  of 10 H z  
and 300 H z  s t i m u l a t o r  f r e q u e n c y  a t  e a c h  s p a c i n g  u n t i l  a t  l e a s t  two s a t i s -  
f a c t o r y  r u n s  a t  e a c h  c o n d i t i o n  were obta ined .  
* Figure  60 was prepared by C .  Rogers  as  par t  o f  a course  conducted b y  
D r .  J. C.  B l i s s  a t   S t a n f o r d   U n i v e r s i t y .  
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Several measures of performance were determined from t h e  da t a .  
Mean s q u a r e  e r r o r  ( n o t  i n c l u d i n g  d c  e r r o r )  a s  a func t ion  of s t imu la to r  
spacing  and  frequency is shown i n  F i g .  61. Whi le  t h i s  measure  suggests 
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t ha t  be t t e r  pe r fo rmance  was o b t a i n e d  a t  300 Hz, t h i s  measure is not 
comple t e ly  sa t i s f ac to ry ,  because  of i t s  dependence on t o t a l  r e s p o n s e  
power,  which  can be h igh ly   va r i ab le ;  To overcome t h i s  d i f f i c u l t y  t h e  
co r re l a t ion  coe f f i c i en t  be tween  t h e  commandand v e h i c l e  was computed as 
fo l lows .  If c i s  t h e  command s i g n a l ,  v is the   veh ic l e   ou tpu t ,  and e 
i s  t h e  error s igna l ,   t hen  
e =  c - u  
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and 
-2 -2 - -2 
e = c - ~ C V  + . v  . 
S o l v i n g  f o r  c v  g i v e s  
- 
- -2 -2 -2 c + v  - e  
2 
c v  = 
N o r m a l i z i n g  t h i s  f u n c t i o n  a n d  u s i n g  o n l y  t h e  a c  power i n  t h e  s i g n a l s  
d e f i n e s   o u r   c o r r e l a t i o n  c o e f f i c i e n t  P : 
- 2  - 2  - 2  c + v  - e  
ac  ac 
P =  
F i g u r e   6 2   s h o w s   t h e   v a l u e  of t h e   c o m m a n d - c o r r e l a t i o n   c o e f i c i e n t   a s  
a f u n c t i o n   o f   s t i m u l a t o r   s p a c i n g   a n d   ' f r e q u e n c y .   T h i s   f u n c t i o n   i n c r e a s e s  
w i t h  s t i m u l a t o r  s p a c i n g  ( a s  i t  s h o u l d ) ,  a n d  t h e  r e s u l t s  a l s o  i n d i c a t e  
b e t t e r  p e r f o r m a n c e  a t  300 H z .  
F i n a l l y ,  t h e  d e s c r i b i n g  f u n c t i o n s  were e x a m i n e d  f o r  e a c h  se t  o f  
s t i m u l a t o r   c o n d i t i o n s .   S i n c e   t h e   d i f f e r e n c e s   d u e  t o  s t i m u l a t o r   c o n d i -  
t i o n s  were n o t   d i s c e r n i b l e   c o m p a r e d   t o   t h e   r u n - t o - r u n   v a r i a b i l i t y ,   a l l  
r u n s   a t   3 0 0  H z  were a v e r a g e d  t o g e t h e r  a n d  a l l  r u n s  a t  10 H z  were a v e r -  
a g e d   t o g e t h e r .   F i g u r e  63 s h o w s   t h e   r e s u l t s ,   w h i c h   a g a i n   i n d i c a t e  a 
s l i g h t  s u p e r i o r i t y  of t h e   p e r f o r m a n c e   a t  300 H z .  
Two a s p e c t s  of t h e s e   r e s u l t s  were s u r p r i s i n g .   F i r s t ,   t h e  d i f f e r -  
e n c e s  i n  p e r f o r m a n c e  as  a f u n c t i o n  of s t i m u l a t o r  f r e q u e n c y  were ex- 
tremely s m a l l .   I f   d i f f e r e n t   n e u r a l  systems were i n v o l v e d   a t   t h e  two 
s t i m u l a t i o n   f r e q u e n c i e s ,   t h e n   w i d e l y   d i f f e r e n t   p e r f o r m a n c e   c h a r a c t e r -  
i s t i c s  w o u l d   b e   e x p e c t e d .   S e c o n d ,   t h e   p e r f o r m a n c e   a t  300 H z  was s l i g h t l y  
b e t t e r   t h a n   t h e   p e r f o r m a n c e   a t  10 H z ,  c o n t r a r y  t o  t h e  p r e d i c t i o n s  of t h e  
n e u r o l o g i c a l  e v i d e n c e .  
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FIG. 63 OPEN LOOP COMBINED GAIN  OF SUBJECT AND Kl/s 
DYNAMICS AS A  FUNCTION  OF  FREQUENCY 
A p o s s i b l e  e x p l a n a t i o n  f o r  t h e s e  f i n d i n g s  i s  t h a t  o u r  s t i m u l a t o r s  
p r o t r u d e d  t h r o u g h  a h o l e  80 mils i n  d i a m e t e r  a n d  t h e  s u b j e c t  r e s t e d  h i s  
f i n g e r   o n  a p l a t e .   M o u n t c a s t l e ' s   e x p e r i m e n t s  were p e r f o r m e d   w i t h  a 
f r e e   s t i m u l a t o r   s u r r o u n d .   V e r r i l l o  (1968) f o u n d   n o   d i f f e r e n c e   i n   i n -  
t e n s i t y  t h r e s h o l d  a s  a f u n c t i o n   o f   f r e q u e n c y  f o r  s m a l l  s t i m u l a t o r s  
w i t h o u t  a f r e e   s u r r o u n d .  
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I 
X I 1  PROTOCROCK:  A S T E P  TOWARD TIME-SHARING ON THE  LINC-8 
W e  have been working toward a system t o  t i m e - s h a r e  t h e  L I N C - 8  
be tween the  conduct ing  of an  expe r imen t  and  the  p repa ra t ion  or a n a l y s i s  
o f   d a t a ,  or t h e   p r e p a r a t i o n   o f   f u t u r e   e x p e r i m e n t s .   I n   a d d i t i o n ,  w e  a r e  
p l a n n i n g  t o  t i m e - s h a r e  t h e  c o m p u t e r  among s e v e r a l  e x p e r i m e n t s ,  i f  p o s -  
s i b l e .  (The l a t t e r  i s  more d i f f i c u l t ,  b e c a u s e  o f  t h e  r e a l - t i m e  c o n s t r a i n t s  
i n v o l v e d . )  Our p a s t   e x p e r i e n c e   w i t h   t h e  L I N C - 8  a n d   s i m i l a r   c o m p u t e r s   i n  
a devoted   (non- t ime-shared)  mode h a s  i n d i c a t e d  t h a t  e x p e r i m e n t s  of t h e  
p s y c h o p h y s i c a l  v a r i e t y  c a n  e a s i l y  a b s o r b  a l l  a v a i l a b l e  c o m p u t e r  time 
and t h a t  d u r i n g  t h e s e  e x p e r i m e n t s  t h e  c o m p u t e r  i s  i d l e  most  of  the 
time. T h e r e f o r e ,  w e  f e e l   t h a t   e v e n  a rudimentary  form  of   t ime-sharing 
would  produce a v e r y  s i g n i f i c a n t  i n c r e m e n t  i n  o u r  o u t p u t .  
Most of t h e  e x p e r i m e n t s  w e  have  planned w i l l  f i t  n i c e l y  i n t o  
the   t ime-shar ing   f ramework ,   a l though  the   convent iona l   genera l   purpose  
t ime-sha r ing   ph i lo sophy  i s  no t   adap ted   t o   runn ing   ou r   expe r imen t s .   The  
t ime-sha r ing  s y s t e m  w e  a r e  d e v e l o p i n g  i s  h e a v i l y  i n s p i r e d  by the S t a n f o r d  
P D P - 1 ,  SDS940, and P D P - 6  (and P D P - 1 0 )  s y s t e m s ,  b u t  i t  i n e v i t a b l y  shows 
s igns   o f   implementa t ion   on  a smal l   computer .  I n  a d d i t i o n ,   f u l l   p r o t e c -  
t i o n  o f  u s e r s  f rom each  o ther  w i l l  r e q u i r e  some s l i g h t  m o d i f i c a t i o n  o f  
t h e  computer.  
Time-sharing i s  p o s s i b l e  b e c a u s e  t h e  L I N C  computer i n  a L I N C - 8  
s y s t e m  i s  p a r t l y  h a r d w a r e  ( t h e  L I N C  s u b s y s t e m )  a n d  p a r t l y  s o f t w a r e  ( t h e  
P D P - 8  program named PROGOFOP).  The  program PROGOFOP i s  a la rge   enough 
p a r t  of t h e  L I N C - 8  c o m p u t e r  t h a t  a l m o s t  a l l  t h e  t i m e - s h a r i n g  c a n  b e  
ach ieved  by s u b s t i t u t i n g  a n o t h e r  PDP-8  p rogram for  PROGOFOP. 
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We have  developed a f i r s t  v e r s i o n  o f  t h i s  r e p l a c e m e n t  for PROGOFOP, 
c a l l e d  PROTOCROCK. I n  a d d i t i o n   t o   s u p p l y i n g   a l m o s t   a l l  of PROGOFOP 
c a p a b i l i t i e s ,  PROTOCROCK p e r m i t s  LINC program input  and  output  communi- 
c a t i o n   b e t w e e n   t h e   c o m p u t e r   a n d   o u r   s p e c i a l   p e r i p h e r a l s .   I n c l u d e d  
i n  t h e s e  p e r i p h e r a l s  a r e  a n  e x t r a  T e l e t y p e  a n d  two c l o c k s  ( a  60 H z  
c lock   and  a 1000 H z  c l o c k ) .   T h e  60 H z  c l o c k  i s  r u n  a l m o s t  a l l  t h e  time, 
w h i l e  t h e  1000 H z  c l o c k  i s  t o  b e  u s e d  o n l y  d u r i n g  t h o s e  p o r t i o n s  o f  
e x p e r i m e n t s   i n   w h i c h  more a c c u r a t e  t iming i s  r e q u i r e d ;  c u r r e n t l y  
PROTOCROCK d o e s   n o t   c o n n e c t   t h e   c l o c k s   t o  LINC p rograms ,   bu t   t h i s   con -  
n e c t i o n  w i l l  be made a v a i l a b l e  when i t  is  n e c e s s a r y .  
PROTOCROCK a l so  does  an  ex t r eme ly  rud imen ta ry  fo rm of t ime-sha r ing  
between LINC p r o g r a m s .   I n   t h i s   f i r s t   v e r s i o n ,   t h e r e   a r e  two programs, 
a n d   f o r   e a c h ,  a c o p y   o f   t h e   c e n t r a l   p r o g r a m - a c c e s s i b l e   r e g i s t e r s  i s  
k e p t .   S c h e d u l i n g   o f   i n p u t / o u t p u t   a c t i v i t i e s   a n d   a c c e s s   t o   t h e  LINC 
p r o c e s s o r  i s  h a n d l e d   i n   s u c h  a way t h a t ,  for t h e s e   p u r p o s e s ,   e a c h  LINC 
p rogram  can   i gnore   t he   p re sence   o f   t he   o the r .   The re  i s  o n e   v i r t u a l  
T e l e t y p e ,   a n d   f o r   e a c h   p r o g r a m ,   t h i s  i s  t h e  ( u n i q u e )  a t t a c h e d  r e a l  
T e l e t y p e .   S i m i l a r l y ,   c o n t r o l   a c t i o n s   o r i g i n a t i n g   o n  a T e l e t y p e  refer 
o n l y  t o  i t s  (un ique )   a t t ached   p rogram,  
On t h e  o t h e r  h a n d ,  t h e r e  a r e  s e v e r a l  r e a s o n s  why t ime-sha r ing  i s  
n o t   y e t   p r a c t i c a l .  No o t h e r   r e a l   e q u i p m e n t  i s  mapped o n t o  v i r t u a l  
equipment ,  so t h e r e  i s  no   o ther   independence  or i s o l a t i o n  b e t w e e n  t h e  
programs. A program w i l l  n o t   r e l e a s e   t h e  LINC p r o c e s s o r   a s   l o n g   a s  i t  
n e i t h e r  p e r f o r m s  a n  i n s t r u c t i o n  r e q u i r i n g  i n t e r v e n t i o n  from PROTOCROCK 
n o r  i s  t h e   o b j e c t   o f  a c o n t r o l  a c t i o n  from i t s  ( u n i q u e   T e l e t y p e )   c o n s o l e .  
F i n a l l y ,   a n d   m o r e   s e r i o u s l y ,   t h e  map from v i r t u a l  t o  r e a l  memory i s  n o t  
changed when t h e  LINC i s  swi t ched  from one  program t o  t h e   o t h e r .   T h i s  
means t h a t  t h e  p r o g r a m s  m u s t  n e c e s s a r i l y  s h a r e  t h e  same v i r t u a l  memory. 
T h i s  is  a ser ious   d rawback ,   because   the  c u r r e n t  s o f t w a r e   r e q u i r e s   p r o -  
grams  to   be w r i t t e n  e s p e c i a l l y  f o r  t h e  v i r t u a l  memory they  occupy,  and 
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a l s o  a l m o s t  a l l  o u r  p r o g r a m s  o c c u p y  o v e r  h a l f  o f  t h e  a v a i l a b l e  v i r t u a l  
memory. The a v a i l a b l e  r e a l  memory i s  o n l y  h a l f  a g a i n  a s  l a r g e  a s  t h e  
v i r t u a l  memory, so  i t  is  n o t  s u f f i c i e n t  t o  h a v e  PROTOCROCK change  the  
memory map. More s e r i o u s   s t e p s   a r e   u n d e r  w a y ,   i n c l u d i n g   p l a n s   f o r   t h e  
a d d i t i o n  of a d i s k  s t o r a g e  u n i t  t o  g r e a t l y  i n c r e a s e  r e a l  memory and 
e x t e n s i v e  s o f t w a r e  c h a n g e s  t o  e l i m i n a t e  a l l  t h r e e  o f  t h e s e  p r o b l e m s .  
A .  S c h e d u l i n g   o f   A c t i v i t i e s  
Under PROTOCROCK, the  non- id le  opera t ions  of  the  computer  sys tem 
a r e   s c h e d u l e d   o n   t h r e e   l e v e l s .  A t  e a c h   l e v e l ,   o p e r a t i o n s  may be sus -  
p e n d e d   f o r   o p e r a t i o n s   a t  a l o w e r   l e v e l ,  i . e .  l ower   l eve l s   have   h ighe r  
p r i o r i t i e s ,   a n d   t h e   p r i o r i t i e s   a r e   s t r i c t l y   f o l l o w e d .  Any g i v e n   r o u t i n e  
o p e r a t e s  a t  o n l y  o n e  l e v e l ,  a n d  n o  more than  one  rou t ine  i s  a c t i v e  a t  
any l e v e l .  
A t  the   lowes t  l e v e l ,  s c h e d u l i n g  i s  done by t h e   h a r d w a r e ’ s   i n t e r -  
r u p t  c i r c u i t r y  a n d  by t h e  f a c t  t h a t  i n t e r r u p t s  a r e  d i s a b l e d  from  the 
time a n  i n t e r r u p t  i s  accepted  by t h e  h a r d w a r e  t o  t h e  time t h e  t h u s  
a c t i v a t e d   r o u t i n e   d i s m i s s e s   i t s e l f .  The a c t i o n  o f   a n   i n t e r r u D t   l e v e l  
r o u t i n e  i s  kep t   a s   min ima l   a s   poss ib l e .  Most i n t e r r u p t   r o u t i n e s   s i m p l y  
t a k e  a c t i o n  t o  remove t h e  i n t e r r u p t  r e q u e s t  a n d  s c h e d u l e  a c t i v a t i o n  of 
the c o r r e s p o n d i n g   r o u t i n e   a t  the n e x t   h i g h e r   l e v e l .   T h e r e   a r e  two 
e x c e p t i o n s   t o   t h i s .   B e c a u s e   o f   t h e   f r e q u e n c y   o f   t h e   c l o c k   i n t e r r u p t s  
a n d  t h e  n a t u r e  of t h e i r  i n t e r f a c e  t o  t h e  c o m p u t e r ,  t h e y  c a u s e  a d d i t i o n a l  
i n t e r r u p t  l e v e l  p r o c e s s i n g  t o  the  ex ten t  o f  de t e rmin ing  whe the r  i t  i s  y e t  
a p p r o p r i a t e   t o   f u r t h e r   p r o c e s s   t h e   i n t e r r u p t   a t   t h e   n e x t   l e v e l .   A n o t h e r  
m o s t   u n f o r t u n a t e   e x c e p t i o n  i s  in   t he   ca se   o f   magne t i c   t ape .   Because  of 
the   response- t ime  demands   o f   the   magnet ic   t ape   hardware ,   a lmost   a l l   the  
p r o c e s s i n g  of a m a g n e t i c  t a p e  o p e r a t i o n  i s  done a t  t h e  i n t e r r u p t  l e v e l .  
I n  f a c t ,  t h e  m a g n e t i c  t a p e  r o u t i n e s  d e s c e n d  t o  t h e  i n t e r r u p t  b e f o r e  t h e y  
b e g i n  t h e i r  i n i t i a l i z a t i o n ,  t o  e m e r g e  o n l y  a f t e r  t h e  t a p e  o p e r a t i o n  h a s  
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b e e n   s u c c e s s f u l l y   c o m p l e t e d .   S i n c e   t h e   i n t e r r u p t   l e v e l  i s  asynchronous 
w i t h  r e s p e c t  t o  t h e  o t h e r  l e v e l s ,  i t  t a k e s  p r e c a u t i o n s  to n o t  d i s t u r b  
in fo rma t ion  used  by t h e  h i g h e r  l e v e l s ,  e x c e p t  to  s c h e d u l e  a c t i v a t i o n  o f  
a r o u t i n e  a t  t h e  n e x t  h i g h e r  l e v e l .  
The n e x t  l e v e l  i s  c a l l e d  t h e  d e f e r r e d  l e v e l ,  because i t s  r o u t i n e s  
p e r f o r m  i n t e r r u p t  a c t i o n s  t h a t  c a n  b e  d e f e r r e d ,  s i n c e  t h e  s t r i c t  r e a l -  
time r e q u i r e m e n t s   o f   t h e   i n t e r r u p t s   h a v e   a l r e a d y   b e e n   s a t i s f i e d .  We 
have  not  a t tempted  to  measure  the  length  of  time b e t w e e n  t h e  r e q u e s t  t o  
s chedu le  and  the  ac t iva t ion  o f  a d e f e r r e d  r o u t i n e ,  b u t  w e  e s t i m a t e  t h a t  
i t  i s  never  less than  0 . 1  m s  nor  seldom more than  a f ew mi l l i s econds .  
S c h e d u l i n g   o f   d e f e r r e d   r o u t i n e s  i s  accompl i shed   a s   fo l lows .   The   i n t e r -  
r u p t  l e v e l  c o n t a i n s  a s u b r o u t i n e  t o  p u t  a d e f e r r e d  r o u t i n e  o n t o  t h e  
s c h e d u l i n g  q u e u e ,  a n d  t h e  d e f e r r e d  l e v e l  c o n t a i n s  a r o u t i n e  t o  a c t i v a t e  
t h e   n e x t   r o u t i n e   o n   t h e   d e f e r r e d   q u e u e .   I f   t h e   d e f e r r e d   q u e u e  i s  empty, 
t h e n   t h e   d e f e r r e d   l e v e l  i s  i d l e .   T h i s   l a s t   r o u t i n e  i s  c a l l e d   e i t h e r  
when a d e f e r r e d  r o u t i n e  d i s m i s s e s  i t s e l f ,  or when t h e  i n t e r r u p t  l e v e l  
queue ing   rou t ine  i s  c a l l e d   w h i l e   t h e   d e f e r r e d   l e v e l  i s  i d l e .  The queueing 
d i s c i p l i n e  u s e d  h e r e  i s  l a s t  i n ,  f i r s t  o u t ,  so  when s e v e r a l  r o u t i n e s  
a r e  q u e u e d  u p  a t  t h e  same time, t h e  o r d e r  i n  w h i c h  t h e y  a r e  a c t i v a t e d  
i s  t h e   r e v e r s e   o f   t h a t   i n   w h i c h   t h e i r   a c t i v a t i o n s  were r e q u e s t e d .   T h i s  
i s  o f  n o  c o n s e q u e n c e ,  b e c a u s e  d e f e r r e d  r o u t i n e s  a r e  a c t i v a t e d  o n l y  i n  
r e s p o n s e  t o  i n t e r r u p t s ,  a n d  o n  t h i s  time s c a l e  i n  t h i s  s y s t e m ,  i n t e r -  
r u p t s   a r e   a s y n c h r o n o u s .   T h i s   d i s c i p l i n e  i s  used   here   because  i t  i n c u r s  
much less overhead  than a f i r s t  i n ,  f i r s t  o u t  d i s c i p l i n e ,  a n d  t h e  l a t t e r  
i s  n o t   n e c e s s a r y .  A l l  d e f e r r e d   l e v e l   r o u t i n e s   a r e   w r i t t e n  so  t h a t   t h e y  
d i s m i s s  t h e m s e l v e s  a f t e r  a r e l a t i v e l y  s h o r t  time (no  more than 0 .6  m s ,  
and  usua l ly  much l ess ) ,  so  a d e f e r r e d  r o u t i n e  c a n  a l w a y s  b e  a l l o w e d  t o  
f i n i s h  ( d i s m i s s  i t s e l f )  b e f o r e  a n o t h e r  d e f e r r e d  r o u t i n e  i s  s t a r t e d .  
A t  t h e  h i g h e s t  l e v e l  o f  p r o g r a m s  a r e  t h e  LINC ("user  mode" or 
''normal s t a t e " )   p r o g r a m s .   ( I n  PROTOCROCK, a L I N C  program i s  simply 
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c a l l e d  a "program.") A LINC program i s  s c h e d u l e d  f o r  a c t i v a t i o n  by a 
d e f e r r e d   r o u t i n e .  A program ( i . e . ,  one fo,r t h e  LINC p r o c e s s o r )   p r o c e s s e s  
LINC i n s t r u c t i o n s  from t h e  time i t  i s  a c t i v a t e d  u n t i l  a n  i n t e r r u p t  o c c u r s ,  
a n d ,  i n  f a c t ,  i t  is  by  means  of i n t e r r u p t s  t h a t  ( L I N C )  p rograms  reques t  
a c t i o n  from PROTOCROCK. I f  t h e  i n t e r r u p t  i s  n e i t h e r   s u c h  a reques t   f rom 
the  program nor  a c o n t r o l  a c t i o n  f r o m  t h e  a c t i v e  p r o g r a m ' s  c o n s o l e ,  t h e n  
a s  s o o n  a s  t h e  d e f e r r e d  l e v e l  becomes i d l e ,  t h e  p r o g r a m  c o n t i n u e s  e x e -  
c u t i n g  LINC i n s t r u c t i o n s .   O t h e r w i s e ,   t h e   p r o g r a m  i s  dumped (made i n a c t i v e )  
by the r e l e v a n t  d e f e r r e d  r o u t i n e ,  i . e . ,  i t s  r e g i s t e r s  a r e  s a v e d  i n  a n  
a rea  o f  PROTOCROCK's memory d e d i c a t e d  t o  t h a t  p r o g r a m ' s  r e g i s t e r s ,  and 
t h e  LINC i s  marked   f ree .  The LINC s c h e d u l e r   a l s o   r e s p e c t s   m a g n e t i c   t a p e  
o p e r a t i o n s ,   w h i c h  make use   o f  some o f   t he  L I N C  r e g i s t e r s ,  Whenever t h e  
d e f e r r e d  l e v e l  becomes i d l e ,  t h e  LINC s c h e d u l e r  i s  e n t e r e d .   I f  a mag- 
n e t i c  t a p e  o p e r a t i o n  i s  i n  p r o g r e s s ,  the  PDP-8 i s  i d l e d  a w a i t i n g  a 
r e q u e s t   f o r   a c t i v a t i o n   o f  a d e f e r r e d  r o u t i n e .  I f  t h e r e  i s  a n   a c t i v e  
program  and i t  has  not  been s topped by i t s  c o n s o l e ,  t h e n  i t  i s  allowed 
t o  con t inue  p rocess ing  o f  i t s  LINC i n s t r u c t i o n s ;  i f  i t  has   been   s topped ,  
i t  i s  now dumped and   the  LINC s c h e d u l e r  i s  re -en tered .   Otherwise   the  
LINC i s  f r ee ,   and   t he   nex t   p rog ram  in   t he   s chedu l ing   queue  i s  a c t i v a t e d  
( I n  t h e  case   o f  a LINC p r o g r a m ,   a c t i v i a t i o n  i s  the   p rocess   o f   loading  
t h e  L I N C  r e g i s t e r s   a n d   s t a r t i n g   p r o c e s s i n g . )   I f  t h e  schedul ing  queue 
i s  empty when t h e  LINC i s  f r e e ,  t h e n  t h e  LINC i s  i d l e .  
B .  Debugging,Aids 
I f  t h e  d e f e r r e d  l e v e l  i s  i d l e  a n d  t h e  LINC is  i d l e  or doing a 
m a g n e t i c   t a p e   o p e r a t i o n ,   t h e  PDP-8 i s  i d l e .  However, s i n c e  the   hard-  
ware  does  not  permi t  the  PDP-8 and  the  LINC t o  s i m u l t a n e o u s l y  p r o c e s s  
i n s t r u c t i o n s ,  t h e  PDP-8 i s  n e v e r  i d l e  w h i l e  t h e r e  i s  an  ac t ive  program.  
Whenever e i t h e r  p r o c e s s o r  i s  i d l e ,  c e r t a i n  of i t s  r e g i s t e r s  a r e  l o a d e d  
w i t h  s p e c i a l  c o n t e n t s  t o  p r o v i d e  a n  i d l e  d i s p l a y  i n  t h e  f r o n t  p a n e l  
-
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l i g h t s .   T h i s   h a s  two purposes .   F i r s t ,   one   can  estimate the   loading  
of each   processor  by l o o k i n g  a t  i t s  l i g h t s .  More important,   however,  
i s  the  debugging  value of t h e  d i s p l a y .  One can t e l l  a t  a glance  whether 
a processor  i s  i d l e ;  i t  i s  u s u a l l y  e a s y  t o  t e l l  whether i t  should  be 
i d l e ;  s o  some he lp  i s  ava i l ab le  he re ,  fo r  i n s t ance  one  can  on ly  de t ec t  
a l o o p   i n  a d e f e r r e d  l e v e l  r o u t i n e .  Some f a u l t s  e v e n  a l t e r  t h e  i d l e  
d i s p l a y ,   a n d   t h e s e   a r e   e a s i l y   d e t e c t a b l e .   I n   a n y   c a s e ,   t h e   c h a r a c t e r  
o f  t h e  i d l e  d i s p l a y  i s  nea r ly  cons t an t  ac ross  ve r s ions  of PROTOCROCK, 
so  anybody using--or even near--the computer can detect any of the 
f a u l t s  t h a t  a l t e r  t h e  i d l e  d i s p l a y .  
\ 
Extensive  use is made of p o i n t e r s  i n  PROTOCROCK. Very o f t e n ,  
j u s t  b e f o r e  a p o i n t e r  i s  used,  i t  is  checked i n  any  of a number of 
ways.   Other   condi t ions  are   checked  in   var ious ways before  any a c t i o n  
based on these   condi t ions  i s  performed. The u n i v e r s a l   r e a c t i o n   t o   a n  
implaus ib le  poin te r  o r  condi t ion  i s  to  immediately execute  a PDP-8 h a l t  
i n s t r u c t i o n .   T h u s ,   a l m o s t   t h e   e n t i r e   s t a t e  of t h e   u n i v e r s e  i s  preserved 
f o r  l a t e r  e x a m i n a t i o n .  
Our o p e r a t i n g  d i s c i p l i n e  c a n  a l s o  be c a l l e d  a debugging  a id .  We 
keep  one  copy  of  each  of  the l a s t  dozen or so usable  vers ions  of PROTO- 
CROCK on  one tape,  and w e  normally load PROTOCROCK only once a week, 
a t  t h e  end  of  our  preventive  maintenance  procedure.  This way w e  a r e  
a lways near ly  sure  of which version i s  i n  u s e ;  w e  run i t  for about 40 
hours  without  re loading,  which aggravates  rarely occurr ing or cumulative 
bugs; and we have always been able to back up a s  f a r  a s  w e  have wanted, 
t o  d e t e r m i n e  a t  w h i c h  p o i n t  a bug c r e p t  i n .  T h i s  l a s t  i s  of  use  only 
because w e  keep  detai led  records  of  PROTOCROCK's f a i l u r e s ,  l o a d i n g s ,  and 
modi f ica t ions .  
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C. Operations  Performed by PROTOCROCK 
The PROTOCROCK func t ions  are a s u b s t a n t i a l  s u b s e t  o f  PROGOFOP'S 
c a p a b i l i t i e s  so that  wri t ing compatible  programs presents  no problem. 
I n  g e n e r a l ,  t h e  more rout ine ,  genera l -purpose  opera t ions  are done 
w i t h i n  PROTOCROCK, w i t h  t h e  i d e a  t h a t  i f  a func t ion  i s  n a t u r a l ' '  f o r  
PROTOCROCK and it would seem t o  b e  u s e f u l  f o r  many LINC programs, then 
t h e  f u n c t i o n  i s  a v a i l a b l e  i n  PROTOCROCK. An example is the  r ead ing  o f  
a Teletype key, duplexing it ( typ ing  it o n t o  t h e  p a p e r  i n  t h e  T e l e t y p e ) ,  
and g i v i n g  t h e  L I N C  program t h e  t r a n s l i t e r a t e d  r e p r e s e n t a t i o n  o f  t h e  
cor responding   charac te r .  Of cour se ,   bo th   ca r r i age   r e tu rn  and l i n e   f e e d  
a r e  echoed a s  the  two-cha rac t e r  s equence  "ca r r i age  r e tu rn ,  l i ne  f eed .  
Another  example i s  the  typ ing  o f  a c e r t a i n  b i t  c o m b i n a t i o n  t o  be typed 
o u t  from a LINC program a s  t h e  a b o v e  p a i r .  For c o m p a t i b i l i t y ,  t h i s  
combination i s  n e i t h e r  o f  t h o s e  two characters.  Another  example is  t h e  
"write and  check"  magnet ic   tape  operat ion.   In   this   operat ion,   the   tape 
i s  s e a r c h e d  u n t i l  t h e  s p e c i f i e d  b l o c k  i s  pass ing  ove r  t he  heads  in  the  
forward   d i rec t ion .  The spec i f i ed  da t a  and  i t s  checksum are w r i t t e n  i n  
t h a t  b l o c k .  The same block i s  aga in  sea rched  fo r  and i t s  contents   read  
to  de t e rmine  ag reemen t  o f  t he  da t a  in  the  b lock  w i t h  t h e  checksum t h e r e ,  
and the  whole  process  i s  r e p e a t e d  i f  t h e r e  i s  no agreement. The f i r s t  
and l a s t  o f  t h e s e  o p e r a t i o n s  a r e  a l s o  s u p p l i e d  w i t h  PROGOFOP. 
I t  
I f  
The la t te r  supe rv i so r  supp l i e s  ve ry  gene ra l  means of access from a 
LINC program to  non-standard  equipment.  The LINC program s u p p l i e s  t h e  
l o c a t i o n  ( i n  real  memory) o f  a s u b r o u t i n e  t o  be executed on the bare  
machine ( i .e . ,  by t h e  PDP-8) and PROGOFOP calls th i s   sub rou t ine .   S ince  
a bare  machine  program has  the  en t i re  power of  the computer  system a t  
i t s  command, it i s  n o t  p e r m i s s i b l e  f o r  a LINC program i n  a t ime-sharing 
environment t o  have access to  the  ba re  mach ine .  Fo r  th i s  r eason ,  and  
because w e  are a s p e c i a l  c a s e  and w e  want t o  p r o v i d e  h i g h e r  l e v e l  
funct ions from PROTOCROCK, w e  n o t  o n l y  do n o t  g i v e  t h e  LINC access t o  
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the bare machine,  but w e  provide special service requests for the 
LINC to  access  our spec ia l  devices .  
Thus, a s  well as supplying an as  yet  rudimentary f a c i l i t y  f o r  
time-sharing, PROTOCROCK a l s o  can be thought o f  a s  a modest  but useful 
general purpose subroutine package and execution control ler  for LINC 
programs. 
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XIII. CONCLUSIONS 
While the  present  form of our model for  the information processing 
c h a r a c t e r i s t i c s  o f  the t a c t i l e  c h a n n e l  is descr ibed  in  de ta i l  i n  H i l l  
and B l i s s  (1968a), a br ie f  explana t ion  w i l l  be given here. Figure 64 
shows the  framework f o r  t h e  model.  According to  th i s  fo rmula t ion ,  when 
a t a c t i l e  p a t t e r n  is p resen ted  to  t h e  system, a f i l t e r e d  image of t h e  
pa t t e rn  is t r a n s f e r r e d  t o  t h e  s e n s o r y  r e g i s t e r ,  where i t  begins to decay. 
Through analysis  of  data  from experiments i n  which  from two t o  twelve 
simultaneous a i r j e t  s t i m u l i  were presented  to  the  24 phalanges of both 
hands (excluding those of the thumbs), w e  have been ab le  to  de te rmine  
t h e  s p a t i a l  and t empora l  f i l t e r ing  cha rac t e r i s t i c s  o f  t he  senso ry  
register. Two main r e s u l t s  of t h i s  ana lys i s  a r e  tha t  t he  senso ry  
r e g i s t e r  has a s torage  capac i ty  a t  l e a s t  50 percent  grea te r  than  tha t  
of the short- term store ,  and tha t  the  sensory  register information decays 
approximately exponentially w i t h  a time constant of 1.4 s .  The capaci ty  
of  the sensory regis ter  i s  l imi t ed  by s p a t i a l  r e s o l u t i o n .  T h i s  l i m i -  
t a t i on  has  the  cha rac t e r i s t i c  t ha t  l oca l i za t ion  e r ro r s  t end  to  be i n  
p re fe r r ed  d i r ec t ions  nea r  t h e  point  of  s t imulat ion.  
STIMULUS 
PATTERN 
I SENSORY 1 FEW REGISTER 
SECONDS 
DURATION 
SELECTED 
INFORMATION 
"" 
CONTROL 
SHORT-TERI 
STORE 
= 30 sec 
DURATION 
WITHOUT 
REHEARSAL 
OUTPUT - 
INFORMATION 
TA-6836-59 
FIG. 64 FRAMEWORK FOR THE MEMORY-SYSTEM MODEL 
161 
As t h e  image i n  t h e  s e n s o r y  r e g i s t e r  i s  decaying,  a l i m i t e d  amount 
o f  t h i s  i n f o r m a t i o n  i s  processed and t r a n s f e r r e d  t o  t h e  s h o r t - t e r m  s t o r e .  
E i t h e r  t h e  t r a n s f e r r a l  p r o c e s s  o r  t h e  size o f  t h e  s h o r t - t e r m  memory 
limits t h e  amount  of  in format ion  re ta ined  in  the  shor t - te rm store. 
This  i s  t h e  f i r s t  model t o  d e s c r k b e  b o t h  t h e  s p a t i a l  and temporal 
l i m i t a t i o n s  and c a p a b i l i t i e s  o f  t h e  t ac t i le  s y s t e m  i n  p r o c e s s i n g  b r i e f ,  
complex t a c t i l e  p a t t e r n s .  We have shown t h a t  t h i s  c o n c e p t ,  h e r e t o f o r e  
a p p l i e d  o n l y  t o  v i s i o n ,  a l s o  c a n  .be a p p l i e d , t o  t a c t i o n ,  i. e. t h e  i n f o r -  
mat ion presented in  one glance i s  s t o r e d . i n  t h e  s e n s o r y  s y s t e m  f o r  a 
sho r t  du ra t ion  and  a por t ion  of  the  informat ion  can .  be s e l ' e c t i v e i y  
processed.  
. .  
. .  . .  . .  . 
* . .  
The r e s e a r c h  i n  t h i s  r e p o r t  f u r t h e r  v e r i f i e s  and e x t e n d s  t h i s  
model .   Major   extensions  to   the model are  summarized  below: 
The number o f  s t imu lus  pos i t i ons  pe rce ived  t ac tua l ly  
increases"approximate1y as the  loga r i thm o f  the  s t i m u -  
l u s  d u r a t i o n   u p   t o  a t  least  500 m s  (Sec.  I V ) .  
S t imu la to r  f r equency  in  the  r ange  0 t o  100 Hz has  l i t t l e ,  
i f  any,  influence  on  performance  (Sec.  V ) .  I f  t h e r e  is 
a n y  d i f f e r e n c e  i n  s p a t i a l  r e s o l u t i o n ,  it i s  b e t t e r  a t  
h igher   f requencies   (Sec .  X I ) .  
A c t i v a t i o n  o f  a l l  t h e  s t i m u l a t o r s  i n  t h e  a r r a y  immedi- 
a t e l y  f o l l o w i n g  a s t i m u l u s  t e n d s  t o  i n t e r f e r e  w i t h ,  or 
erase, i n f o r m a t i o n  i n  t h e  v i s u a l  and t a c t i l e  c h a n n e l s  
(Sec. V I I ) .  
The information from a b r i e f  p r e s e n t a t i o n  is t r a n s f e r r e d  
from t h e  s e n s o r y  r e g i s t e r  t o  h i g h e r  c e n t e r s  i n  a p a r a l l e l  
r a t h e r  t h a n  s e q u e n t i a l  f a s h i o n  ( S e c .  V I I ) .  
Resu l t s  from analogous visual and t a c t i l e  experiments 
are c o n s i s t e n t  w i t h  a model i n  which t h e  v i s u a l  a n d  
t a c t i l e  s e n s o r y  r e g i s t e r s  are  s e p a r a t e  b u t  a l l  o t h e r  
components are  common between the two channels  
(Sec. V I I ) .  Because  of   dif ferences  between  the  visual  
and t a c t i l e  s e n s o r y  r e g i s t e r s ,  and  because  of limi- 
t a t i o n s  i n  t h e  common components, information processed 
p e r  u n i t  time i s  cons ide rab ly  less wi th  t a c t i l e  s t i m u l i  
than  wi th  v isua l  (Sec .  VII ) .  
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(6) Resul ts  from experiments with sequentially presented 
poin t  s t imul i  sugges t  tha t  t empora l  reso lu t ion  may be 
be t te r  wi th  smal l  spa t ia l  s t imulus  spac ing  (Sec. VIII). 
( 7 )  Process ing  of  sequent ia l ly  presented  tac t i le  or v i sua l  
information is more consis tent  with a f i r s t - i n - f i r s t -  
out  model than a push-down-store model (Sec. I X ) .  . 
I n  t h e  f u t u r e  w e  hope t o  be a b l e  t o  c o n t i n u e  t o  r e f i n e  these 
r e s u l t s  and i n t e g r a t e  new r e s u l t s ,  i n t o  a coherent model t h a t  w i l l  serve 
, a s  a guide to the  design of tact i le  d isp lays .  While the  nature  of  the 
research  descr ibed  in  th i s  repor t  is l a r g e l y  b a s i c ,  t h e  techniques 
employed, the experimental resul ts ,  and t h e  models a l l  s u g g e s t  ways i n  
which tac t i le  d i sp lays  could  be  deve loped  for  prac t ica l  appl ica t ion .  
For example, s eve ra l  i nves t iga to r s  have  proposed t a c t i l e  communication 
systems (Foulke, 1968 ; Sle igh t ,  1968; and Siegel,   1967).  Our results 
a r e  d i r e c t l y  r e l e v a n t  t o  t h e  design of  such tact i le  codes for  communi- 
. .  
!: ’ .. . 
ca t ion .  These r e s u l t s  s u g g e s t  t h a t  s p a t i a l  l o c a t i o n  i s  an  e f fec t ive  
information-bearing dimension, that w i t h  24 loca t ions  on the  f inge r s  
maximum information is transmitted with codes consisting of 3 simul- 
t aneous ly  ac t iva ted  poin ts ,  and t h a t  e r r o r s  w i l l  be character ized by 
the  measured spread  cor re la t ion  func t ions .  U p  t o  a t  l e a s t  500 m s ,  
information transmitted increases approximately w i t h  the logarithm of 
s t i m u l u s  dura t ion ,  and the  way sequent ia l ly  presented  s t i m u l i  i n t e r f e r e  
is  descr ibed.  
I n  o t h e r  p o t e n t i a l  a p p l i c a t i o n s  it i s  desired to  display an analog 
s i g n a l  t a c t u a l l y .  For example, a t a c t i l e  d i s p l a y  of a i r p l a n e  a t t i t u d e  
may be d e s i r a b l e  i n  c e r t a i n  s i t u a t i o n s .  We have  measured p i l o t -  
descr ibing funct ions w i t h  several  types of  t ac t i le  d isp lays  and shown 
t h a t  performance comparable t o  t h a t  w i t h  per iphera l  v i s ion  can  be 
obtained. 
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Still  another  application  area  is  in  providing  sensory  feedback  to 
remote  manipulators.  Here  it  may be appropriate  to  have  large  arrays 
of tactile  stimulators  conveying  force  distribution  information. In- 
other  research  we  have  put  up  to 144 tactile  stimulators on  a single 
finger  and  found  that  alphabetic  patterns  can  be  displayed  and  recog- 
nized  with  good  accuracy.  This  research  suggests  that  fairly  complex 
force  distributions  could  be  conveyed  to a remote  msnipulator  operator. 
The  basic  research  described  here  provides a  starting  point  for  making 
design  decisions  for  such an application  regarding  type of stimulation, 
density  of  stimulators,  number of points  simultaneously  presented, 
information  up-date  rate,  etc.  This  data  is  also  pertinent  to  any 
application  involving  arrays  of  tactile  stimulators. 
It  is  easy  to  think  of  many  more  potential  application  areas.  The 
authors  hope  that  this  research  will  stimulate  the  development f 
tactile  displays  and  provide  some  guidelines  to  aid  in  this  development. 
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